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CHAPTER V. 



OF PNEUMATICS. 



622. Pneumatics is that branch of Mechanics^ which treats of the 
equilibrium and motion of elastic fluids. 

Those laws of equilibrium which are founded on the peculiar na- 
ture of fluids, arising from the mobility of their particles, are equally 
applicable to Hydrostatics and Pneumatics. But certain additional 
properties result from the elasticity of vapors and gases, which may 
be conveniently considered under the latter head. 

623, Vapors are elastic fluids, which are produced from liquid 
or solid bodies, by the agency of heat, and which readily become 
liquid or solid again on the application of cold. Thus steam is raised 
from boiling water, and is again easily condensed by cold into the 
liquid state. Gases are permanently elastic fluids. They are never 
met with in nature either in the liquid or solid state, and it is only by 
means of extraordinary degrees of cold or pressure, that they can 
be made to give up their elasticity and become liquids. Atmospheric 
air is a body of this class ; and since air and steam are, with slight 
exceptions, the only elastic fluids employed as mechanical agents, 
it is to these, chiefly, that our attention will be devoted. 

524. The effects of Heat upon all bodies, are usually treated of 
in chemistry ; but a few of those effects which are strictly mechani- 
cal, especially such as are produced on aeriform fluids, may be ad- 
vantageously considered in this place. 

The most general mechanical effect of heat is expansion. Heat 
expands all bodies, whether sofid, liquid, or aeriform. Aeriform 
bodies are expanded equally by equal additions of hectt.* The in- 



* This and various other propositions in Pneumatics, are proved by 
experiment. It is supposed that most of the Instructors who use thiff 
work, will have the means of illustrating or proving the truth of these 
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crease of volume is continued without lirait, as the heat is augment-^ 
cd. The elasticity of a confined portion of air, as that contained ii> 
a close bottle or flask, for example, is uniformly increased by equal 
additions of heat. This is true of steam, however, only when the 
vessel is free from water; for, if steam is heated in contact with 
water, in a close vessel, its density and elasticity are rapidly increas- 
ed> in a geometrical ratio, and its mechanical force shortly becooaes 
so great as to burst almost any vessel that can be employed to coih 
tain it. ^ 

625. The properties of air may be exhibfted under the form of 
a few simple propositions. 

(1.) Air is material. 

The two essential properties of matter are extension and impene- 
trability. (Art. 4.) That air has extension, needs no proof. That 
it is impenetrable, or has the property of excluding all other matter 
from the space which it occupies, is proved by experiment. Thus 
if we depress in water a tall jar, or a tumbler, we shall find that the 
water rises only through a certain part of the vessel, to whatever 
depth we immerse it ; and if, to a hollow cylinder, made smooth and 
closed at the bottom, we fit closely a stopper or solid cylinder, called 
a piston, moving freely in it, on applying the piston, no force will 
enable us to bring it into contact with the bottom of the cyfinder, 
unless we permit the air within it to escape. Two other properties 
exhibited by air, likewise indicate that it is material : these are iner- 
tia and weight. The inertia of air is manifested by the resistance it 
opposes to bodies moving in it ; as, for example, an open umbrella 
moved through the air, in a direction parallel with the staff; and the 
weight of the air is shown by the fact that a vessel, as a bottle, from 
which the air has been withdrawn (by methods to be described here- 
after) weighs less than before. A vessel of the capacity of a wine 
quart, weighs about eighteen grains less after the air is exhausted, 
than before. One hundred cubic inches of air weighs thirty grains 
and a half. 

propo9itioD8, by the aid of 'appropriate apparatus. But /evei^^ when 
this is not the case, we conceive that very little benefit can acerue to 
the learner from the bare description of experiments^ 
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^2.) Air it a fluid. 

This property is manifested not only by the great mobility of its 
f>art5, but also by the distinguishing property of fluids, (Art. 445.) 
viz. that any portion of air at rest, presses and is pressed equally ia 
all direaions ; and that a pressure or blow applied to any part, is 
propagated through the whole mass, and affects every part alike. 
(Art. 446.) 

(9.) Aa- is anshkSTic fluid. (Art. 117.) 

Thus, when an inflated bladder is compressed, it immediately re- 
stores itself to its former situation. Indeed, since air when compress- 
ed, restores itself, or lends to restore itself, with the same force as 
Aat with which it is compressed, it is a petfictly eltulic body. (Art. 
U7.) 

536. Before ne proceed further, it is necessary for the learner to 
be made acquainted with the apparatus, by which the mechanical 
. properties of air are illustrated. 

The AiT Pump. 

^e Air Pump is an instrument used for the purpose of exhaust- 
ing the air from any given space. Though of several difierent forms, 
Fig. 203. 




jet the most common construcbon is that represented in fig. 203. 
7be chief parts »re the plate A, the barrelt EE, aod the pipe or 
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canal CC, leading from the plate to the barrels. The glass vessels 
which are set upon the plate, are called in general receivers, A 
guage is sometimes employed (as represented by D in the figure) to 
indicate the degree of exhaustion ; but the nature of this appendage 
will be better understood hereafter. Such is the construction of the 
air pump in general ; but the importance of this apparatus entitles it 
to a more minute description. In order, then, fully to understand the 
principle of the air pump, and other kinds of apparatus designed for 
producing a vacuum, we must understand the construction of valves, 
and of the cylinder and piston. 

527. A VALVE is a contrivance which permits a fluid to pass in one 
direction, but prevents its passing in the opposite direction. The 
clapper seen on the under side of a pair of bellows, is a familiar ex- 
ample of a valve. The valve employed in the air pump, usually 
consists merely of a strip of oiled silk, lied over a small orifice. The 
air by pressing outwards from the orifice raises the silk, opens the 
valve, and makes its escape ; while by pressing inwards upon the or- 
ifice, it keeps the strip of silk close to the orifice, and is therefore 
prevented from passing in that direction. The piston and cylinder are 
exemplified in a common syringe. It consists of a hollow cylinder, 
or barrel, to which is fitted a short solid cylinder called the piston, 
which is moved up and down the barrel by means of a projecting 
handle called the piston-rod, and is fitted so closely to the barrel as 
to be air tight. Suppose now that the cylinder is in a perpendicular 
position, closed below but open above, and that the piston rests on 
the bottom. On drawing up the piston, the air above it is lifted out, 
and the space below it is a vacuum. If a small orifice be made in 
the bottom of the barrel, then as the piston is drawn upwards, the air 
will flow in and no vacuum will be formed ; and as the piston is de- 
pressed again, the air is forced back. But by attaching a valve to 
the orifice, we may admit or exclude the external air at pleasure. If 
the strip of silk be tied on the outside^ then, on drawing up the pis- 
ton, the air will not follow, but the piston will go up heavily, since it 
lifts up the entire weight of the column of air that rests upon it, (there 
being nothing below it to act as a counterpoise,) and if the hand be 
withdrawn from the piston rod, the piston will descend spontaneous- 
ly. Again, if the valve be placed on the inside, then the external 



HECHAMICAL PBOFEBTIES OT AIB. O 

air will follow the piston as it rises, and do vacuum will be fomaed. 
If now the piston be depressed, the sir cannot be expelled, (since the 
valve closes on the orifice in ihat direction,) and -the piston cannot be 
forced down to the bottom of the barrel, unless a valve is placed in 
&e pislOD itself, opening outwards ; in this case the air of the barrel 
taay be expelled by depressing the piston. 

538. We bave been thus minute in the description of the con- 
struction of valves, and of the cylinder and piston, because when 
ibese things are clearly understood, the learner will easily compre- 
hend the principle of the air pujnp, of the common house pump, of 
the steam engine, and of every other species of pneumatic apparatus. 
Let us now return to ihe air pump. 

In the barrels, two pistons play up and down, each of wbich is fur- 
nished with a valve opening upwards into the open space, through 
which the piston rods move. Another valve is placed at the bottom of 
«ach barrel, opening into the barrel. The piston rods are indented 
bars, to which a toothed wheel (concealed in fig. 302, but seen in fig. 
203) is adapted, which, being turned backwards and forwards bj 
means of the winch G, (fig. 302.) alternately raises and depresses the 
two pistons, as is represented in the annexed figure. Suppose noir 
Fig. 303. 




ihe receiver to be placed on the plate of ibe pump, one of the i»stoiu 
being at ihe top, and the other at the bottom of the barrel. We turn 
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the winch, the piston rises, and the air of the receiver opens tlie vahre 
at the bottom of the barrel, and diffuses itself equally through the bar- 
rel and the receiver. We turn the winch in the opposite directioD, 
the piston descends, compresses the air in the barrel before it, which, 
as it cannot go back into the receiver, opens the valve in the piston 
itself, and escapes into the vacant space in which the arm of the pis- 
ton moves. This process is repeated every time the piston rises and 
falls ; and it is the same in both barrels, two being employed for no 
other reason than to accelerate the process of exhaustion. 

529. The exhaustion proceeds at a rate, which increases in ageo^ 
metrical ratio. 

Suppose, for example, that the capacity of one of the barrels is just 
one-ninth part of that of the receiver, including that of the pipe which 
leads from the receiver to the barrel. When the piston b first raised 
from the bottom to the top, the air which previously occupied the re- 
ceiver, expands so as to diffuse itself equally through the receiver 
and barrel. The barrel, therefore, will contain a tenth part of the 
whole of the enclosed air, and nine tenths will remain in the receiver. 
On depressing the piston, this tenth part is expelled through the pis- 
ton valve. On elevating the piston, the air remaining in the receiver 
(which is nine tenths of the original quantity,) diffuses itself equally 
through the receiver and barrel, as before ; consequently the barrel 
contains j\ of A = 7^7 of t^^e original quantity, and j%\ remain in 
the receiver. By continuing this estimate, we should obtain the re- 
sults expressed in the following table.* 



Number ot 
strokes. 


Part of the air expelled 
at each stroke. 


Part remaining in the 
receiver. 


Whole quantity ex- 
pelled. 


1 


1 
Tit 


9 
TIT 


1 


2 


9 
TcTTT 


8 1 
TcTTT 


I 9 


3 


« I 


10 7 


2 7 1 

To oir 


4 


72 9 
1 0^0 


65 6 1 
1 0/0 


34 39 
1 0/0 


6 


6 5 6 1 


5 9 4 9 
1 0/0 


4 0051 
1 0/0 


) 0/0 


6 


5 9 4 9 


5 3 14 4 1 


4 6 8 5 5 9 


1/000/000 


1/000/000 


1/000/000 


7 


5 3 14 4 1 


4 7 82969 
1 0/0 0/0 


5 3 17 3 1 


10/0 0/0 


I 0/0 0/0 9 



* The estimate is made for a single barrel : in the double-barrelled 
«ir-pump, the rate of exhaustion will be just doubled 
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530. The numbers in the first column denote the rate of exhaustioni 
and it is evident that they compose a geometrical series, the constant 
ratio being y'^. Also the quantities remaining in the receiver after 
each stroke compose a similar series, the ratio being the same. Af- 
ter seven strokes, the quantity remaining in the receiver is less than 
one half the original quantity. If we had taken a smaller receiver, 
the rate of exhaustion would have been much more rapid. Thus, if 
the receiver had only twice the capacity of the barrel, the series 
would have been |, i, i, ,\, ^V. A^ tUj ih^ ttti ttttt 5 sothat, 
with ten strokes of the piston, the air of the receiver would have been 
rarefied more than one thousand times. 

631. As this series never terminates, it i& evident that a complete 
exhaustion can never be effected by the air pump. Indeed, in prac- 
tice, the vacuum is far less perfect than the theory would make it 
by the repetition of the blows of the piston ; for when the air in the 
receiver becomes very much rarefied, it has not elasticity sufiicient 
to raise the valve at the bottom of the barrel ; or even if that difl5cul- 
ty is obviated by a different construction of the valve, still the diffi- 
culty of making the joints and valves perfectly air tight, is such as to 
impair the perfection of the void.* 

532. By means of this instrument, we may obtain very striking 
illustrations of the mechanical properties of air. 

(1.) The pressure of the air acts with great force on all bodies at 
the surface of the earth, amounting, as we shall show hereafter, to 
nearly 16 pounds upon every square inch, or more than 2000 pounds 
upon a square foot. Upon so large a surface, therefore, as that of 
the human body, the pressure amounts to no less than 13 or 14 tons; 
but being so uniformly distributed within and without, and on all sides, 



* Air pumps are of several different forms, varying In construction ; 
but as it is our object in this work to consult brevity as much as pos- 
sible, we content ourselves with explaining to the learner the most 
common form of this instrument, and the leading principles, leaving 
farther details to be supplied by the instructor or jecturer. 
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it is, when the air is at rest, scarcely perceptible.^ In consequence of 
this pressure, the air insinuates itself into all fluids, and fills the pores 
of all solids except the most dense, as gold or platina. The pressure 
of the air diminishes the tendency of fluids to pass into the state of 
vapor,, and of course raises their boiling point. Warm water, at a 
temperature much below the boiling point, will be set a boiling under 
the receiver of an air pump, or in a vacuum formed in any other 
way. Indeed, if it were not for atmospheric pressure, water would 
require only the moderate heat of 72 instead of 212 degrees of beat 
to make it boil ; and the more volatile fluids, as alcohol and ether, 
would hardly be found in nature, in the liquid state. 

(2.) The elasticity of the air is such, that the smallest portion of it 
may be expanded beyond any known limits, by removing the exter- 
nal pressure. By this means, a bubble may be made to fill a very 
large space. On the other hand, air has been condensed by press^ 
ure, until its density has been greater than that of water, still retain* 
ing the elastic, invisible state.f In consequence of its elasticity, air 
is set in motion by the least disturbance of its equilibrium, whether 
by condensation or rarefaction, thus giving rise to the phenomena of 
winds. 

(3.) Air is essential to the support of conJ^ustion, and to the 
respiration of animals ; and finally, it is the principal medium of 
sound. It may be farther shown, that the weight of bodies b dimin- 
ished by the buoyancy of air, (acting on the same principle as water. 
Art. 463,) and that light bodies are sustained in it, in conse^^eience 
of its greater specific gravity, while, in a vacuum, bodies of various 
densities, as a guinea and a feather, fall towards the ear^ with equal 
velocities. 



* Fishes are sometimes caught at the depth of 2600 or 2700 feet, 
where the pressure of the water is equal to 80 atmospheres, or more 
than 82 tons to the square foot ; yet these fishes are not injured by 
such an immense weight, or sensibly impeded in their motions^ 
(Camb. Mech. p. 352.) 

t Gregory, I, 481. 
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&S3. These are the leading truths which ^re establi^ed and illus- 
trated by means of the air pump^ which the learner will better com- 
prehend by witnessiqg the actual experinoents, than by any descrip- 
tioD of them that could be offered. 



Fig. 204. 




534. The condensation of air is usually effected by means of the 
Condeming Syringe. This instrument is a cylinder and piston, the 
cylinder having a valve opening outwards, while the 
piston is without a valve. The principle of its op- 
eration will be readily understood from the figure. 
Near the top of the cylinder is a small hole in the 
mde, which is immediately below the piston, when 
this is drawn up to the top of the cylinder. On 
forcing down the piston, the air is driven before it, 
and expelled through the valve at the bottom. By 
connecting a bottle or other close vessel with the 
bottom, the air expelled may be driven into that, 
its return being prevented by the same valve. The 
piston being drawn up again above the opening in 
the cylinder, another similar portion of air may be 
forced into the condensing bottle; and thus the 
process may be continued indefinitely. 

535. The Condensing Fountain is a bottle, usually of copper, 
partly filled with water, upon the surface of which the air is condens- 
ed by means of the condensing syringe. The fluid being thus 
brought under a strong pressure, it tends to issue with great force 
whenever a pipe, that is inserted in the bottle, and extends below the 
surface of the water, is opened. The celebrated spouting springs of 
Iceland, called the Geysers^ in which water accompanied by large 
masses of rock, is thrown to the height of 200 feet, arise from pneu- 
matic pressure acting upon the surface of water in the interior of the 
earth, the aeriform substance, whatever it may be, being produced by 
means of volcanic action* 




536. The Air-Oun is an instrument in which condensed air is sub- 
stituted as the moving force instead of gun-powder. By means of 
a condensing syringe, air is strongly condensed in a metallic ball fuc- 

VoL. IL 2! 
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nished with a valve at the mouth, where it is screwed on the gun be- 
low the lock. As the lock is sprung, it falls upon a plug, and forces 
it upon the valve, which suddenly opens, and the air rushes into thie 
barrel of the gun, and by its sudden expansion, propels a ball much 
in the same manner as gun-powder would do in its place. 

637. The Diving Bell is an apparatus employed for exploring t&e 
depths of the sea. It was formerly made in the shape of a bell, but 
is now more commonly made square at the top and bottom, the bot- 
tom being a litde larger than the top, and the sides slightly diverging 
from above. The material is sometimes cast iron, the whole ma- 
chine being cast in one piece, and made very thick, so that there b 
no danger either from leakage or fracture. Sometimes the diving 
bell is made of planks of two thicknesses, with sheet lead between 
them. In the top of the machine are placed several strong glass 
lenses for the admission of light, such as are used in the decks of 
vessels to illuminate the apartments below. 

638. The diving bell depends for its efficacy on that quality of air, 
which is common to all material substances, impenetrability; that is, the 
exclusion of all other bodies from the space it occupies. The prin- 
ciple may be illustrated by depressing a tumbler or jar in water, with 
the mouth downwards : it will be seen (Art. 626.) that the water 
will ascend so far as to occupy only a part of the capacity of the ves- 
sel, the upper part being occupied by air. As the diving bell des- 
cends in the water, the air inclosed in it is subject to its pressure, 
(which increases with the depth,) and by virtue of its elasticity, it will 
become condensed in proportion to this pressure. Thus at the depth 
of about, thirty-four feet, the hydrostatic pressure will be equal to that 
of the atmosphere, and consequently, the air being under a pressure 
equivalent to that of two atmospheres, it will be condensed into one 
half its original volume. As the depth is increased, the space occu* 
pied by the air in the bell will be proportionally diminished. Seats 
are furnished for the workmen, and shelves for tools, and various oth- 
er conveniences. Although at the depth of thirty-four feet, the wa- 
ter would occupy one half the capacity of the vessel, and more or less 
at different depths, yet by means of a forcing pump or condensing 
syringe communicating between the atmosphere above and the ma- 
chine, through a pipe, air may be thrown in §o as to exclude the wa- 
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ter entirely. By the same means fresh air may be conveyed to the 
workmen, the portion of air rendered impure by respiration being at 
the same lime suffered to esqape by opening a stop-cock in the top 
i^ibe machine.^ 

539. Before we can proceed to the consideration of the atmos- 
phere, it is necessary for the learner to become acquainted with an- 
other important instrument, the Barometer, by means of which, as 
well as by means of the air pump, our knowledge of the atmosphere 
has been greatly enlarged. 



The Barometer. 



Fig. 205. 



Liec us take a glass tube, about three feet in length, clos- 
ed at one end and open at the other. We fill the tube with 
quicksilver, and invert it in a vessel of the same fluid. The 
column of quicksilver falls to a certain height, about twenty 
nine or thirty inches, where, after vibrating a few times, it 
remains at rest. The space in the tube above the quick- 
silver being void of air or any other substance, it Is of course 
a vacuum, and is usually denominated the Torricellian 
vacuum, from Torricelli, an Italian philosopher, who first 
discovered this method of producing a vacuum. Various 
precautions are necessary, in order to preserve this space 
free from air or any aeriform substance : when these pre- 
cautions are taken, this vacuum is the most complete of 
any that we can command. 



Sf 



540. The column of quicksilver is sustained by the pres- 
sure of the atmosphere, on the open mouth of the tube 
which is immersed in the same fluid '^\ and it must have 
tfie same weight with a column of the atmosphere of the 
same base, otherwise it would not be in equilibrium with it. 
We hence arrive at an accurate knowledge of the actual weight 



- > 



* Lardner^s Pneumatics. 

t As young learners sometimes find a difficulty in conceiving clear- 
ly how the pressure of the air acts in this case, we subjoin a remark or 
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and pressure of the air, since it is equal to the weight of a column of 
quicksilver of the same base, thirty inches in length. The weight of 
such a cylinder of quicksilver is easily ascertained,* and it results, 
that the pressure of the air on every square inch of surface is, as 
stated in Art. 532, about 15 lbs. or more than 2000 lbs. upon a 
square foot. Since different fluids balance each other in opposite 
columns pressing base to base, when their heights are inversely as 
their specific gravities, (Art. 467.) a column of water in the place of 
the mercury would stand at the height of about 34 feet. For quick- 
silver being 13.57 times heavier than water, the latter column must 
be 13.57 times higher than the other; that is, 30x13.57^:407.1 
inches =33.84 feet. 

541. By observing from day to day the height of the column of 
quicksilver prepared as above, we shall find that it varies through a 
space of two or three inches, showing that the atmosphere does not 
always exert the same pressure, but that a given column of the air is 
sometimes lighter and sometimes heavier. This instrument, there- 
fore, enables us to ascertain the relative weight of the air at any 
given time, and hence its name barometer.^ For the purpose of in- 
dicating these variations with minuteness and precision, a graduated 
ficale is attached to the barometer, divided into inches and tenths of 
an inch, and usually extending from twenty seven to thirty one inches, 
—a space which is more than sufiicient to comprehend all the natural 
variations in the weight of the atmosphere. 



two. It must be recollected, that any impulse or pressure exerted on 
the surface of the fluid in the vessel, extends alike to every part of it ; 
(Art. 446.) and ^ince fluids act upwards as well as downwards, it is 
plain that ihe presfure acts in sustaining the column of mercury in the 
same manner as though it were applied directly to the mouth of the 
tube. 

* Since a cubic inch of water weighs 252.525 grains, and quicksil* 
ver is 13.57 times heavier Jthan water, therefore, a cubic inch of quick- 
«ilver weighs 3426.76 grains ; and 30 inches weigh 102802.8 grains* 
But 7004 grains troy make one pound avoidupoise. Therefore, 
lJULLS9JL=i4.7 lbs. 

T004 

t From )3afQf weighty and juktlpov measure. 
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S42. As these changes of weight are sometimes pig. 206. 
very minute, a contrivance called a vernier is attach- ^ a 
ed to the scale, by means of which tlie tenth of a ^ 
tenth, that is, the hundredth part of an inch may be 7- 
estimated. The vernier consists of a small plate ^- 
movable up and down by a screw upon the graduated s 
part of the barometer, and is divided as follows. Call- 
ing the scale of the barometer B, and that of the ver- ,. 
nier V, the divisions of B are one tenth of an inch, ^' 
while those of V are one tenth larger, that is j\ of j\ u ^i~J^ 
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=yi J inch larger, ten of V making eleven of B. Now * 

suppose the mercury stands at twenty nine inches, five 
tenths, and a lUtle more. To ascertain the exact « 
amount of this small excess, we bring the top of the # . 

vernier, whence the graduation begins, to coincide g. 

with the surface of the mercury. If tlie mercury be 
tI^ inch above 29.5, then we descend only one di- 
vision of V, before we find it coinciding with B, (for 
it gains ^^^ every division,) and the height of the mer- 
cury will be 29.61 ; if the mercury be yj^ above 29.5 then the 
second division on V will coincide with B, and the height of the 
mercury will be 29.52 ; and, in general, if, after bringing the top 
X)f V to coincide with the surface of the mercury, we look along 
down the scale until a division of V coincides with one of B, the 
number of that division of V denotes the number of hundredths to 
which the excess above the inches and tenths amounts.^ 

[The student is requested to describe the vernier from the annex- 
ed figure, and to read ofiT the inches and hundredths.] 

543. Since the variations of the barometer correspond to the va- 
riations in the weight of the air at the same place, and since these 
variations are connected with changes of weather, this instrument 
thus becomes a weather glassj and enables us, in certain cases, to 
fisresee changes of weather. The most uniform indications of the 
barometer are, that its rise denotes fair^ and its fall denotes foul 



* Astronomical instruments have their scales graduated on the same 
prineiple* so as to indicate small fractions of a second. 
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weather^ whatever may be its absolute height. Also, a wdden and 
extraordinary descent of the mercury attends, and frequently pre- 
cedes, a violent wind. The immediate cause of the descent of the 
barometer, is undoubtedly a rarefaction of the air at that place ; but 
the cause of this rarefaction itself, it may be difScult to account for« 
The consideration of this point will be resumed hereafter. 

544. The mean pressure of the atmosphere, as indicated by tbe 
barometer, is nearly the same, at the level of the sea, in all parts of 
the earth, corresponding very nearly to 30 inches of mercury. This 
fact has been verified by numberlessrobservations, made with the ba- 
rometer in both hemispheres, from the equatorial to the polar regioDS. 
The following results for several places, in different latitudes, correct- 
ed for temperature, elevation above the level of the sea, and the in- 
fluence of the earth's rotation on its axis, are nearly uniform. 

Latitude. Bar. Prassur*. 

Calcutta, - - - 22035' - - 29.776 

London, - - 51 31 - - 29.827 

Edinburgh, - - 55 56 - - 29.835 

Melville Island, - 74 30 - - 29.884 

Sut, though the mean pressure of the atmosphere is nearly the same, 
;at the level of the sea, over the whole globe, the extent of the varia- 
tions to which it is liable, is exceedingly different in different paralleb 
H3f latitude. At the equatorial regions, the range of the barometer 
js much more limited than within the polar circlet ; and in the frigid 
'2ones, it is more limited than in the temperate. Within the tropios, 
the fluctuations of the barometer do not much exceed ^ of an inch, 
^hile beyond this space, they reach to 3 inches.* The most exten- 
sive variations take place between the latitudes of 30° and 60°, beii^ 
the zone in which the annual changes of temperature and homiditj 
|)ossess the widest range.f 

645. Shortly after the invention of the barometer, it was observed 
that the mercury descends, when the instrument is carried to a more 



* Daniell's Meteorology, I. 108. 

t Ed. Encyc. art. ^* Physical Geography." 
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elevated situation. The descent is found to be about j\ of an inch 

for 87 feet. From this observation, we may deduce the specific 

gravity of air compared with mercury or water ; for j\ of an inch of 

mercury has, it appears, the same weight as 87 feet, or 1044 inches, 

of air. Consequently, 1 inch of mercury weighs as much as 10440 

/10440 \ 
inches of air ; that is, mercury is 1 0440 times, and water is ( .^ ^^ == I 

769 times, heavier than air. 

546. As the air pump enables us to investigate tlie mechanical 
properties of any ])ortion of air, so the barometer enables us to study 
the properties and relations of the entire body of the air, that is, the 
atmosphere. By means of these two instruments, the following facts 
are well established. 

( 1 . ) 7%e space occupied by any given portion of air ^ (as 1 00 grains, 
for example,) is inversely as the pressure. A weight of two atmos- 
pheres diminishes the bulk to one half; of three atmospheres, to 
one third ; and of one hundred atmospheres, to one hundredth part 
of its former bulk. 

(2.) As the density is likewise inversely as the space occupied^ 
therefore, the density is as the pressure. 

The learner is now prepared to understand the principles on which 
are constructed the several gauges used in connexion with the air- 
pump, to indicate the degree of exhaustion. 

The gauge represented at D, Fig. 202. consists of a glass tube 
filled with mercury, and inverted in a small jar of the same fluid, 
and covered over with a receiver. This apparatus is placed upon the 
smaller plate of the pump, which is connected with the larger plate,. 
by a horizontal pipe. Consequently, when the air in the receiver H 
ia rarefied by working the pump, the air in the small receiver D, being 
rarefied in the same degree, will at length have its elasticity so much 
diminished, as to be unable to sustain even the short column of mer- 
<airy in the tube. The mercury, therefore, will descend in the tube, 
and will approach towards the level of the fluid in the jar, and will 
come nearer to it in proportion as the exhaustion is more perfect. 

The gauge exhibited in Fig. 203. G, (which is connected imme- 
diately with the receiver,) acts on a different principle. It consists 
of a tube, about 30 inches long, open at both ends, the lower end 
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dipping into a small.vessel of quicksilver, and the upper end op^i- 
ing into tbe receiver. On turning the purap, the pressure .is dimin- 
ished on the upper surface of the mercury in tbe tube, and the ox- 
teroal pressure of tbe atmosphere forces up the Suid to a height cor- 
responding to the degree of exhaustion. A scale, graduated into 
inches and tenths, is attached to the tube. 

The typhtm gauge, represented in Fig. 207. is Fig. 207. 
serened upon the small plate of the pump, instead 
of the apparatus exhibited at D, Fig. 202. Previous 
to exhaustion, the quicksilver is sustained in the arm A 
of the tube by the atmospheric pressure. When this 
pressure is diminished to a certain extent, tbe column 
of quicksilver descends, and in a perfect exhaustion 
would attain the same level in both arms of the tube. 
Consequently, the nearer it approaches to that level, 
tbe better is the exhaustion. 

(3.) Since air, when compressed, endeavors to restore kself, witli s 
force which is equal to that which compresses it, (being when at test 
in equilibrium with that force,) therefore, the elasticity it at the dent- 
itt/, and inveriely at the apace occupied. In tlMs proposition, the tein- 
perature is supposed to remain uniform. But, the bulk and density 
of a poruon of air remaining tbe same, the dattidty it at the temr 
perature. 

547. Hence the elasticity of air may be increased either by com- 
pressing it, or by beatii^ it in a ccmGned state ; and its elasticity mey 
be diminished either by lessening (he jvessure, or I^ cocding it. 
The elasticity of springs is known to be frequently impaired by coa- 
tinued action. This is not the case with air. Ait has been left for 
several years very nkuch compressed in suitable vessels, in which 
there was nothing that could have a chemical action upon it; and 
afterwards, on removing the unusual pressure, and restoring the same 
temperature, the air has been found to recover its original bulk, nhicb 
shows that the continirance of the pressure had not dimini^ed the 
elasticity of it in the least perceptible degree.* 



' Cavallo, II, p. 336. 
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The Atmosphere. 

548. The knowledge now acquired of the properties of elastic flu- 
ids, will qualify the learner to enter advantageouslj upon the study of 
the entire body of the air, which constitutes the atmosphere. Let us 
therefore now proceed to consider its weighty — its extent and density ^ 
— its relations to heat and moisture^ giving rise to the various phe- 
nomena of Meteorology, — and its relations to sounds whence arises 
the science of Acoustics. 

649. The weight of the entire atmosphere may be easily esti- 
mated by means of the barometer ; for, taking the medium height 
of the mercury at thirty inches, the weight of the atmosphere is 
equal to that of a sea of quicksilver, covering the whole earth to the 
depth of two and a half feet. This would add five feet to the diam- 
eter of the globe, and the contents of the whole mass of quicksilver, 
in cubic feet, would be equal to the diflerence between the solid con- 
tents of the globe, and those of a sphere of a diameter five feet great- 
er. Having the number of cubic feet of quicksilver, we have only 
to multiply that number by the weight of one foot (= 13.57 X62J= 
848.125 lbs.). The calculation proceeds as follows. 

Let R denote the radius of the earth ; r the height of the mercu- 
ry ; * the ratio of the circumference of a circle to its diameter, or 

4flrR3 
8.14159 ; the solidity of the globe = — ^ ; 

4<R+r)3 
Do. of the sphere, including the mercury = o ; 

I/O. ot tne mass ot mercury = « — ^ = 



.3 



4fl'(R»r+r'R-|--^). But since r denotes but a very small fraction of 

R, the two last terras have so small a value, that they may be thrown 
out without materially affecting the result, and the contents of the mass 
of quicksilver will be 4flrR2r. Substituting for these several quantities 
their numerical values, we have 4(3956 x 5280)* X3.14159 X2.5= 
number of cubic feet in the mass of mercury ; which being multi- 
VoL. XL 3 
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plied by 848 J, gives 11,624914,803603,492864 lbs., or more than 
eleven trillions of pounds, or five thousand billions of tons.* 

Were the atmosphere of equal density throughout, it would be easy 
to determine its height, since opposite columns of different fluids are 
in equilibrium, when their heights are inversely as their specific grav- 
ities. (Art. 467.) Therefore, as the specific gravity of air is to that 
of quicksilver, so is the height of the column of quicksilver to the 
corresponding height of the column of air that balances it. That is, 
1 : 10440: :2.5 : 26IOO feet =5 miles nearly. 

650. But the atmosphere is very far from being throughout of 
uniform density. Several causes conspire to produce this result. 
1. The different quantities of superincumbent air at different alti- 
tudes ; 2. The decreasing attraction of the earth in proportion as the 
square of the distance from its center increases ; 3. The influence 
of heat and cold ; 4. The admixture of vapors and other fluid?; 
6. The attraction of the moon and other celestial bodies.f That 
the lower strata of the atmosphere are far more dense than the up- 
per, will be obvious from this consideration, that the portions wliich 
rest on the surface of the earth, sustain the weight of the whole body 
of the atmosphere, which, as appears from Art. 549, is immensely 
great. But the density of air is as the compressing force. (Art. 
546.) As we ascend from the earth, the weight sustained is constant- 
ly diminished, and the density lessened, according to the following law. 

651. 'ff%e densities of the air decrease in a geometrical, as the dis- 
tances from the earth increase in an arithmetical ratio. 

Demonstration. — Let us suppose that the strata of air are taken so 
thin, that the density of each may be considered as uniform through- 
out. Let the density of the inferior stratum be A, that of the second 
B, of the third C, and so on. Moreover let a be the weight of the 
whole column of the atmosphere resting on A ; 6 the weight of the 



* A less accurate method of finding the weight of the atmosphere, 
is to multiply the number of square inches on the surface of the globe 
by fifteen pounds. 

t Cavallo, I, 227. 
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oolumD when A is taken away ; c its weight when A and B are sub- 
tracted, and so on. Then the weight of the first stratum is a — ft, 
that of the second, 6 — c, &c. Now the densities of two bodies of the 
same volume are as their weights. Therefore, A : B::a — 6 : 6— c. 
But since the densities are as the pressures, (Art. 546.) and the 
pressures are the weights of the incumbent columns, therefore, 
A:B::ft:c. Hence a-ft : ft — c: :ft : c .*. oc — ftc=ft' — 6c .:. 
«c=ft^.'.a : ft: :ft : c; that is, the weights and consequently the den- 
sities of the successive strata form a geometrical series. If, there- 
fore, at a certain distance from the earth, the air be twice as rare as 
at the surface of fhe earth, at twice that distance it will be four times 
as rare, at three times that distance, nine times as rare, he. 

552. By observations on the barometer at different altitudes, aid- 
ed by calculation, it is ascertained, that at the height of seven miles 
above the earth, the air is only one fourth as dense as it is at the 
surface.* Hence if we take an arithmetical series, increasing by 
seven, to denote different heights, and a geometrical series whose 
constant multiplier is one fourth, to denote the corresponding densi- 
ties, we may easily ascertain the density of the air at any proposed 
elevation. 

Arithmetical series, 7 14 21 28 35 42 49 

Geometrical series, i ^V A tif ttttt tttVf tfItt 
From this table it appears, that at the height of twenty one miles, 
the air is sixty four times as rare as at the surface of the earth ; at 
the height of forty nine miles, sixteen thousand three hundred and 
eighty four times as rare ; and if we pursue the calculation, we shall 
find that its rarity at the moderate distance of only one hundred miles, 
is one thousand millions of times greater than at the earth,f and of 
course would oppose no sensible resistance to bodies revolving in it. 
De Luc ascended in a balloon to such a height that his barometer fell 
to twelve inches. Supposing the barometer at the surface to have 
stood, at that time, at thirty inches, it follows that he must have left 
three fifths of the whole atmosphere below him ; for six inches being 



* Cotes. Hyd. Lect. p. 103. 

t Rees' Encyc. Art. '* Atmosphere.*' 
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one fifth of thirty, twelve inches must be two fifths, and consequently 
thr^e fifths of the whole must be below. His elevation was upwards 
of twenty thousand feet.* 

If there were an opening into the interior of the earth, which would 
permit the air to descend, its density would increase in the saijie 
manner as it diminishes in the opposite direction. At the depth of 
about thirty four miles, it would be as dense as water ; at the depth 
of forty eight miles, it would be as dense as quicksilver; and at the 
depth of about fifty miles, as dense as gold. 

553. The foregoing law, however, does not aflTord exact data for 
estimating the density of the air at any given elevation, since the den- 
sity is affected by the several other circumstances mentioned in arti- 
cle 550, which are not here taken into the account. Since the force 
of attraction diminishes as the square- of the distance from the center 
of the earth increases, this diminution will occasion a corresponding 
decrease of density. However, as the force of attraction will be 
very nearly the same at such elevations as the highest mountains, as 
at the general level of the earth, (Art. 12.) no allowance is made on 
this account for barometric measurements, except in cases wheij ex- 
treme accuracy is required. Changes of temperature produce a 
much greater effect, since heat expands and cold contracts die air ; 
and therefore, in estimating altitudes, the state of the thermometer is 
always to be taken into the account, in connexion with the height of 
barometer. Heat and cold also affect the height of the mercury in 
the barometer, independently of the pressure of the atmosphere with- 
out, and therefore it becomes necessary to reduce the observations to 
a fixed standard of temperature. 

554. Owing to these different causes of irregularity in the density 
of the air at different elevations, it becomes a problem of much nicety 
and difficulty to obtain accurate measurements of heights, by means 
of the barometer ; but the importance of the subject has led men of 
Bcience to bestow very great attention upon it. We have room on- 



Lardner's Pneumatics, Sec. 144. 
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ly to Indicate the general principles on which such measurements 
depend, leaving the details to treatises of greater extent.^ 

555. With regard to the actual height of the atmosphere above 
the earth, it is a point not easily determined. Efforts have been 
made to ascertain its height by means of the twilight ; but the student 
is not prepared to judge of the accuracy of this method, without a 
knowledge of Optics and Astronomy. The consideration of it there- 
fore, belongs to a subsequent part of our course of instruction. We 
merely remark here, that no great reliance is placed upon this meth- 
od by those who are most competent to judge of it. 

If the decreasing densities of the air as we ascend from the earth 
were accurately expressed by a geometrical series, (Art. 552.) it is 
obvious that such an atmosphere would be unlimited, since such a se- 
ries would never end. But several considerations render it proba- 
ble, that the atmosphere is bounded by definite limits. Such are the 
following: (1.) The heavenly bodies move in void spaces ; otherwise 
they would meet with a resistance which would retard their motions, 
and the periods of their revolutions would not be unalterable as is 
found to be the case. (2.) The expansion of air is owing to a mu- 
tual repulsion between its particles. This force is diminished as the 
particles are removed farther asunder, by the enlargement of its 
volume ; and we may conceive the repulsive force to be so much di- 
minished at a certain distance from the earth, as to be counterbal- 
anced by gravity, which being inversely as the square of the distance 
from the center of the earth, is nearly the same at all distances with- 
in a few miles of the earth's surface. (Art. 12.)f (3.) The con- 

* The necessary rules for barometric measurements may be found 
in Robison's Mechanical Philosophy, Vol. Ill ; Cavallo's EL Nat. 
Phil. Vol. II ; Gregory's Mechanics, Vol. I ; and in most of the En- 
cyclopedias under the article Barometer, 

t This argument takes it for granted that the air consists of indi- 
trisible atoms ; for, were the air infinitely divisible, there would be no 
such increase of distance between the particles, and consequent dimi- 
nution of repellent force, as is here supposed. But the existence of 
such atoms has been rendered extremely probable, and the conclusions 
deduced from the suppositions of such atoms, are found to accord 
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densation produced by extreme cold, such as is known to exist in 
the upper regions of the atmosphere, will oppose the expansion of 
the air, and counteract its enlargement of volume beyond a certain 
limit. 

556. As we ascend from the earth, the temperature of the air 
constandy diminishes until we arrive at a region of frost, the lower 
limit of which is called the term of perpetual congelation. The 
heights of the term of congeladon for every parallel of latitude from 
the equator to the north pole, have been computed, partly from ob- 
servation, and pardy from the known mean temperature of each par- 
allel, and the decrement of heat as we ascend in the atmosphere ; 
and the result is expressed in the following table : — 

Latitude, 
o 



5 
10 
16 
20 
25 
30 
35 
40 
45 
50 
65 
60 
65 
70 
75 
80 

From this table it appears, that the height of the region of per- 
petual frost at the equator is almost three miles ; at the parallel 



well with experience. (See Wolladton on the Finite Extent of the 
Atmosphere. — Phil. Trans, for 1822.) 
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of 35°, about two miles ; and at the latitude of 54°, about one mile ; 
while at the latitude of 80°, this region approaches very near to the 
earthy and at the pole it probably comes nearly or quite down to 
the earth. It is farther to be remarked, that the different heights 
decrease very slowly as we recede from the equator, until we reach 
the limits of the torrid zone, when they decrease much more rapidly, 
the maximum being at the parallel of 40°. The average difference 
for every 5 degrees of latitude from 30° to 60°, is 1334, while from 
the equator to 30°, the average is only 509, and from 60° to 80°, it 
is only 891. Important meteorological phenomena depend on this 
fact. 

657. What is the cause of the cold that prevails in the upper re- 
gions of the atmosphere^ 

It is found by experiment that radiant heat, like that of the sun, 
passes through a transparent medium without obstruction, and conse- 
quently does not heat that medium.* Were the air perfectly trans- 
parent, the heat of the sun would scarcely affect it at all ; but the 
vapors, clouds, and other substances that diminish the transparency 
of the atmosphere, intercept a certain portion of the sun's rays. In 
general, however, the manner in which the air receives the heat of 
the sun is this : the sun's rays first communicate their heat to the sur- 
face of the earth ; the stratum of air next to the earth imbibes a por- 
tion of this heat and rises, while colder currents descend or flow in 
laterally, which in turn become heated and rise. Hence from the 
ground, when heated by the sun, a current of air is constantly as- 
cending. On the other hand, in the absence of the sun, the ground 
loses its heat by radiation, and becomes colder than the air immedi- 
ately above it. The air therefore now imparts a portion of its heat 
to the ground, is condensed, and remains in contact with the ground 
unless removed, as is commonly the case, by winds. The atmos- 
phere, therefore, is, for the most part, heated and cooled indirectly 
by coming in contact with the surface of the earth. 

558. The chatiges of temperature induced on the earth's surface 
by the sun's heat, are not sufficient to rarefy the air to any great ex- 



* Black's Leeturec on Chemistry, Vol I. 
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tent. A part, moreover, of the heat received from the earth in the 
day time, is restored to it again at night ; hence the rarefied portions 
of air do not ascend far above the earth until they find their equilib- 
rium. 

As a portion of air rarefied by heat at the earth's surface ascendar, 
the diminishing pressure which it sustains as it rises, has a tendency 
to enlarge its volume. But on the other hand, an enlargement of 
volume, increases its capacity for heat, and lowers it» temperature, 
which tends to condense it. At a moderate elevation above the 
earth, these causes operate to keep the air at rest, and thus the heat 
of the earth is incapable of raising the temperature of the air, except 
within a moderate distance, beyond which the region of frost pre- 
vails, and the cold continues to increase, until it probably reaches, at 
a comparatively moderate distance from the earth, an intensity al- 
most inconceivable. 

Relations of Air to Heat and Moisture, 

559. Air is set in motion by every cause which disturbs its equili* 
brium. It is more sensible than the most delicate balance, and moves 
with the slightest inequalities of pressure. 

Air is put in motion by the least change of temperature. Heat 
rarefies it, and, as intimated in article 557, renders it specifically 
lighter than the neighboring portions, and it ascends, while colder and 
denser portions flow in to restore the equilibrium. On the other 
hand, if air be condensed by cold, it descends, or flows off, until it 
meets with air of the same density, where it rests. These efifects 
naturally result from the perfect fluidity and elasticity of this sub- 
stance. 

560. An illustration of this principle is seen in the manner in wbicb 
air circulates in the shaft or pit of a deep mine. Such a circulation 
is kept up briskly, even amounting sometimes to a strong wind,. 
when two shafts or pits of unequal heights are made to communi- 
cate with each other by means of a horizontal gallery, called a drift.^ 
The earth remains nearly at the same temperature summer and 
winter, while the external air is hotter in summer and colder in win- 
ter, than that within the mine, Now were the air within the earth 
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Fig. 208, 
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and without, of the same density, then 
the air of the two shafts and of the drift 
would remain in equilibrio, (Art. 456.) 
the longer shaft A, being counterbalan- 
ced by the shorter shaft B, extended so 
as to embrace C, a portion of the exter- 
nal air, to the same height as the col- 
umn A. But suppose it summer ; then 
the air in A, becoming condensed by 
the influence of the colder earth, is ren- 
dered specifically heavier, and over- ^ 
powers the columns B and C, the lat- 
ter consisUng of air more rarefied than 
that within the earth. Hence the air 
will flow down the longer, and out of 
the shorter shaft ; and by bringing all 
parts of the mine into the circulation, 

the whole mterior will be ventilated. Again, suppose it winter ; 
then the air in the longer shaft being warmer and more rarefied than 
the compound column BC, the latter preponderates, and the air 
flows in the opposite direction ; namely, down the shorter and out 
at the longer shaft. In spring and autumn, when the temperature of 
the atmosphere and the mine are nearly equal, the miners complain 
much of the suffi)cating state of the air.^ 
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o 
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Hor. drift. 



561. The contempladon of the motions of the atmosphere on a large 
scale, as they exist in nature, leads to the subject of Winds ; but we 
may see the same principles exemplified in cMmnies 2JiA fire-places. 
A chimney may be regarded as a perpendicular tube, containing a 
column of air. Since the density of die air is less above than below, 
(Art. 551.) and consequently the resistance less at the top than at 
the bottom of the chimney, the tendency of any current of air through 
the tube is upward, flowing in the direction in which the resistance 
is least. When the air of the chimney is rarefied by heat from the 
fire-place, the cold air from below makes its passage upwards into 
the partial void, and thus supplies air to the fire to support its com^ 
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bustion, and carries up along with it the smoke and vapors wliicli 
proceed from the fire. The smoke, it will be remarked, is carried 
up, mechanically, by the ascending current of hot air ; for smok^ is 
itself heavier than air, and sinks- or descends when not thus support* 
ed.* The draught of the chimney, or the strength and velocity of 
the ascending current, is influenced by several circumstance. 
(1.) Long chimnies have a stronger draught than short ones, be* 
cause they present a longer column of rarefied air ; but they may 
be so long as to cool the air too much before it has reached the 
top, in which case the smoke falls by its greater specific gravi^. 
Long horizontal pipes, connected with fire-places or stoves^ are 
apt to smoke, for a similar reason. (2.) A narrow throat, opening 
into a large pipe or funnel, makes a strong draught, because the 
velocity of the ascending current is thus increased, it being in diflfer- 
ent parts of the chimney inversely as the area of the section. (Ait. 
484.) The throat of the chimney, however, must be wide enougb 
to admit freely all the mixed products of the ascending current, in* 
eluding the rarefied air, smoke, watery vapor, and so on ; and, con- 
sequently, a wider throat is required for green wood than for dry, 
and least of all for anthracite coal, where the amount of volatile sub- 
stances expelled from the fuel is comparatively small. (3.) A fire- 
place with a low front or breast, has a strong draught, because, in 
this case, no air can enter the chimney, except such as has felt the 
influence of the fire, and is thus fitted to keep the chimney wano ; 
whereas, if the throat of the fire-place is high, much of the air that 
flows into it is cold and cools the chimney^, and of course diminishes 
the degree of rarefaction in it. Moreover, when the throat is near 
the fire, it becomes more intensely heated, and thus the degree of 
rarefaction of the current of air that passes through it is augmented 
and its velocity increased. In the structure of fire-places and stoves, 
it is an important principle, that as little air as possible should get 
into the flue of the chimney, except what passes through the fire; 
and it is another important principle, in regard to the economy of fuel, 



* This fact is illustrated by an experiment, suggested by Dr. Frank- 
lin, viz. by blowing the smoke of a tobacco pipe through water in a 
tumbler. The smoke, being cooled by this process, rests upon the 
surface of the water. 
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that no more air should traverse the fire than what is necessary to 
support the combustion. All the air that passes through the fire, 
over and above what undergoes decomposition, cools it, and carries 
a portion of the heat up chimney. It is obvious that the air of an 
apartment must be denser than that at the top of the chimney, other- 
wise the current will flow downwards, as is sometimes the case when 
the room is very close, and the throat of the fire-place so large as to 
require a great quantity of air to fill the rarefied space, in which case, 
the air of the room is speedily exhausted. Hence, the advantage, ui 
close apartments, of small fire-places, or stoves which require but a 
small supply of air.* 

562. But a much more extensive operation of the same principles 
is exhibited to \is by nature, in the phenomena of Winds. Rarefac- 
tion by heat and condensation by cold are the chief causes of winds. 
Their distinct existence and modes of operation, can frequently be 
discovered ; and, in cases where we can discover neither, we are au- 
thorized to infer the presence of such a cause, since it is so constantly 
connected with the same eflfects in very numerous examples that daily 
pass before our eyes, while we are unacquainted with any other ade- 
quate canses of the same phenomena. The motion of the air, how- 
ever, producing a wind, may be merely relative^ arising from the mo- 
tion of the spectator. Thus a steam boat, moving at the rate of six- 
teen miles an hour in a perfect calm, would appear to one on board 
to be facing a wind, moving at the same rate in tlie opposite direc- 
tioo ; or if, in the diurnal revolution of the earth on its axis, any 
point of the earth's surface should move faster than the portion of 
the atmosphere above it, a relative wind in the opposite direction 
would be the result.. (Art. 258.) The direction of the wind may be 
modified by various causes, the actual direction being the resultant of 
two or tooTQ currents which meet from diflferent directions, or of sev- 
eral dijfferent forces. (Art. 65.) 

563. Land and sea breezes afford a striking exemplification of the 
.principle in question. These winds prevail in most maritime coun- 

* See Dr. Franklin^s Remarks on the Causes and Cure of Smoky 
Chimnies, WorkSy Vol. II, p. 256. Also, Count Rumford, passim. 
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tries, but more especially in the islands of the torrid zone, blowbg 
off from the land at night, and towards the land in the day tinae. If 
we plac'e a hot stone in a room, (says Dr. Robison,*) and hold near 
to it a candle just extinguished, we shall see the smoke move towards 
the stone^ and then ascend up from it. Now, suppose an island re- 
ceiving the first rays of the sun in a perfectly calm morning ; the 
ground will become warm, and will rarefy the contiguous air. K the 
island be mountainous, this effect will be more remarkable ; because 
the inclined sides of the hills will receive the heat more directly. 
The midland air will therefore be most warmed ; the heated air will 
rise, and that in the middle will rise fastest ; and thus a current of 
air upwards will begin, which must be supplied by air coming in on 
all sides, to be heated and to rise in its turn ; and thus the morning 
sea breeze is produced, and continues all day. This current will 
frequendy be reversed during the night, by the air cooling and gli- 
ding down the sides of the hills, and we shall then have the land 
breeze. 

564^ The trade winds afford an example of the operation of the 
same causes on a still greater scale. These winds prevail in the tor- 
rid zone and a little beyond it, extending to nearly 30° on both ^des 
of the equator. When not affected by local causes, they blow con- 
stantly at the same place, in one and the same direction, throughout 
the year. Their general direction is from north-east to south-west 
on. the north side of the equator, and from south-east to north-west on 
the south side of the equator. They owe their origin to the combin- 
ed agency of two causes, namely, the movement of the air on either 
side of the equator, northward or southward towards the place of 
greatest rarefaction, and the westerly tendency arising from the effect 
of , the earth's diurnal rotation on its axis,f since they do not instanta- 
neously acquire the greater velocity which the equatorial regions have 
in consequence of the earth's revolution on its axis. J The duration 



*M6ch. Phil. Ill, 763. 

t See Vol. I, p. 58, Problem 4. 

J For a more extended description respecting the causes of, the trade 
winds, see Daniell's Meteorology, p. 455, and American Journal of 
Science, Vol. XIX. 
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of the trade winds is variously modified in different parts of the 
world, but always in such a manner, that they blow towards the point 
of greatest rarefaction, and receive a relative motion from the effect 
of the earth's diurnal rotation. 

565. The foregoing atmospheric phenomena arise chiefly Ironl 
the relations of air to Heat ; we are next to trace a few of the lead- 
ing phenomena, which result from the relations of air to Moisture^ 

By the action of the sun's heat upon the surface of the earth, 
whether land or water, immense quantities of vapor are raised iota 
the atmosphere, supplying materials for all the water that is deposited 
again io the various forms of dews, fog, rain, snow, and hail. Ouc 
limits will not allow us to enter largely into Meteorology, under which 
head, the various phenomena of the atmosphere are included, but 
«ve shall be able barely to glance at the subject. 

566. The leading principle upon which the precipitation of moisr 
tiire from the atmosphere, under any form, depends, is the follow*^ 
ing:— 

The capacity* of air for moisture is increased hy heat and dinting 
ished by cold. 

In other words, air by being heated is rendered capable of taking 
tfpTaod holding a greater quantity of water in the invisible state, and 
bj being cooled, its power of thus holding water is lessened. 

Again, the capacity of air for moisture increases faster than the 
temperature; so that the addition often degrees of heat to air alrea- 



* The term capacity being frequently employed in the physical sci- 
ences, it is important for the student to obtain clear and correct views 
of its meaning. The power of a sponge to hold water, to stow it 
away in the interior, so as to render it invisible, is the capacity of the 
sponge for water. This capacity is capable of increase or diminution. 
Take a piece of dry sponge, and soak it in water ; as its volume en- 
larges, its capacity for water increases — ^remove it from the water, and 
squeeze it gently ; a part of the water runs out — suffer it to expand 
and it appears nearly dry ; squeeze it again, and it becomes wet. 
Hence we say its capacity is increased by an enlargement of volume, 
and diminished by compression. 
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dy at the temperature of 70^, will increase the capacity for water 
much more than the same addition would do to air at the tempera- 
ture of 40^. On the other hand, the cooling of hot air, diminishes 
its capacity for moisture much faster than the cooling of air already 
cold. 

567. Dew is formed when the air comes in contact ivith a sur^ 
face in a certain degree colder than itself. This is the simplest de- 
position of moisture from the atmosphere. Thus dew is formed 
copiously on a cup of cold water during summer, particularly be- 
fore a thunder shower ; because then the air is hot, and saturated 
with moisture, a portion of which it deposits as soon as it is cooled, 
its capacity for moisture being thus diminished. It is ascertained by 
actual observation that on those nights when copious dews occur, the 
ground becomes twelve or fourteen degrees colder than the air a few 
feet above it.* Consequently whenever the air, by circulating over 
the surface of the ground, comes in contact with this colder surface, 
it deposits a portion of moisture upon it. The quantity actually de- 
posited will of course be greater as the difference of temperatures be- 
tween the air and the ground is greater, and the air is more nearly 
saturated with moisture. 

Dew is found to be deposited on different substances unequally ^'^^ 
more on vegetables than on dry sand ; very litde on bright metallic 
surfaces ; and none at all on large bodies of water, as the ocean. In' 
all cases, however, these surfaces are observed to maintain a corres- 
ponding difference in the temperature they acqqire, some growing 
much colder than others equally exposed, while the surface of the 
ocean remains at the same temperature as the air incumbent on it. 
The air therefore sustains no reduction of capacity by circulating 
upon it, and no dew is deposited.f 

568. Fogs are produced by watery vapor coming in contact with 
air colder than itself 

The vapor may be such as is just rising from the ground, or such 
as before existed in a body of common air that meets and mixes with 



•Wells on Dew. t Ibid. 
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the colder air. Thus, in a cold morning, smoke proceeds from va- 
rious moist substances, as from the breath of animals, from a hole in 
the ice of a river, from wells, and from many other sources. In each 
case, the vapor meets with cold air, which having so small a capacity 
for moisture, is unable to hold it in solution, and it is deposited in the 
form of fog. A striking example of fogs is seen over rivers, partic- 
ularly in a summer morning, marking out their courses for a great 
distance. Here, since the temperature of the water changes but lit- 
tle during the night, while the neighboring land, and of course the air 
over the land, has become cold, the vapor which rises from the river 
during the night, and meets with cold air, is condensed into a fog. 
The fogs formed over shoals and sand banks, as the banks of New- 
foundland, are deposited from the warm and humid air of the 
ocean, which is cooled by mixing witli the cold air over the banks. 
Fogs are phenomena of cold climates, and are not so common in hot 
countries ; the air in such situations having too great a capacity for 
moisture, to permit it to condense into a fog near the surface of (be 
earth. 

569. Clouds are dependent on the same principle as fogs, consist- 
ing of vapor condensed by the cold of the upper regions. They are 
formed over water, or moist places, by vapor rising so high, as to 
reach a degree of cold sufficient to condense it ; or they result from 
the mixture of warmer with colder air, proceeding always from the 
warmer portion. 

570. Rain is produced by the sudden cooling of air, charged with 
large quantities of watery vapor. 

Suppose two bodies of air, a hotter and colder portion, both satu- 
rated with moisture, to meet ; the compound would assume a tem- 
perature which was the mean between the two ; but the quantity of 
heat which the colder portion of air would gain, would not increase 
its capacity so much as that of the warmer body would be diminish- 
ed, by the loss of the same portion of heat. (Art. 566.) Hence the 
capacity of the mixture would be less than the average capacities of 
the separate portions, and consequently water would be deposited.* 

* Hutton, in Ed. Phil. Trans. I. 41. 
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If the separate portions of air are not completely saturated with mois- 
ture, still the capacity of the mixture may be so much less than that 
of the constituents, as to render it unable to hold all the water they 
contained ; and in this case, more or less water would be deposited. 

571. This view of the general cause of rain, (which is commonly 
called Hutton's Theory of Rain, from Dr. Huiton of Edinburgh, who 
first proposed it,) is capable of being confirmed by an extensive m- 
duction of facts, by which it would appear, that variable winds, fa- 
vorable to the mixture of air of diflferent temperatures are accompa- 
nied by rain, while constant winds are accompanied by dry weather. 

572. Hail is produced by the mixture of exceedingly cold mr^ 
unth a body of hot and humid air.* The cold wind is supposed to 
be derived from an elevation considerably above the term of perpet- 
ual congelation, and to be suddenly transferred to a body of hot and 
humid air, from which it precipitates the hail. Or it may be suppos- 
ed to result from a hot wind blowing from the torrid regions into the 
limits of perpetual frost, and thus having its watery vapor suddenly 
congealed. Or it may be the product of the meeting of a very cold 
with a very hot wind. All that the theory requires, in order that hail 
should be precipitated, is, that very hot and very cold bodies of air 
should be mixed in any way whatsoever. Accordingly, hail is found 
to be most frequent and violent in those regions where hot and cold 
bodies of air are most easily mixed. Such mixtures are rarely 
formed in the torrid zone, since there the portion of cold air would 
be wanting ; and a similar difficulty exists in the frigid zone, for there 
the hot air is wanting ; but in the temperate climates, the heated air 
of the south, and the intensely cold winds of the north, may be much 
more easily brought together ; and, accordingly, in the temperate 
zones it is, that hail-storms chiefly occur. Even in these climates 
they are most frequently found in places, where such mixtures are 
most easily formed, as in the south of France, lying, as it does, be- 
tween the Pyrennees and the Alps, which are covered with perpetu- 



* See some remarks on Hail Storms, by the compiler of this work, 
in the Am. Jour. Science, Vol. XVIII. 



al snows, while the intervening countiy ia subject to become highly 
heated by the summer's sun, or is even visited, especially at a certain 
elevation, by occasional blasts of the hot winds that cross the Medi- 
terranean. 

Mechanical ^gettdet of AW and Steam. 

573. In consequence of our power of forming a vacuum, either by 
the exhaustion of air or by the condensation of steam, and of direct- 
ing the force with which these elastic substances rush into a void or 
press towards it, air and steam become important agents or prime 
movers, in various kinds of machinery. Many of the most useM 
machmes involve in their construction the principles of both hydrau- 
lics and pneumatics, and therefore we have reserved an account of 
such machmes to the present secuon. 

574. The Syphon. — If a tube having two Pig. 209. 
anns, a longer and a shorter, be filled with 
water,* and the mouth of the shorter arm be 
immersed in water, the fluid will run out 
through the longer arm until the whole con- 
tents of the vessel are discharged. Such a 
tube is caBed a typhon. It may be filled with 
the fluid, either hy suction or by pouring water 
into it, keeping the two orifices closed until the 
shorter arm is immersed. Or, when the syphon is large, each orifice 
is plu|^ed, and water is poured in through an opening in the top of 
the bend. The opening being closed, the shorter leg is placed in 
the dstem, and the plugs removed, the fluid is discharged es usual, 
niie principle of the syphon is as fcdlows. The atmosphere presses 
equally on the mouths of both arms of the tube ; but this pressure on 
each orifice is diminished by the weight of the column of water in the 
leg nearest to it ; consequently, more of the atmospheric pressure is 
overcome by the longer than by the shorter column, and therefore the 
effective pretmre, (or what remains,) is less at the mouth of the longer 
ifaaa at that of the shorter column, and the fluid runs in that direction 



• Or any other liquid. 
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ID which the resistance is least. All this will be obvioua hy ioipie^ 
iDg the figure.* 

Were the shorter column thirty four feet in height, it would coodHP- 
balance the entire pressure of the atmosphere on the surface of it 
fluid, aad consequently, there would be no force remaining to dfin 
the water forward through the tube. The syphon, therefore, tm 
never raise water to a greater height than thirty four feet, nor qoch- 
silver higher than about thirty inches. It is obvious, also, tintib : 
place of delivery, that is, the mouth of the longer arm, must be itl ' 
lower level than the surface of the water in the reserv(»r; so AN 
this instrument cannot be used for elevating, but only for deculiil 
fluids, or transferring them from oae vessel to another. Its cluef M 
is by grocers, in transferring liquors from one cask to another. 

575. Intermitting Springs, or springs which Bow freely for a tfoti 
and then cease for a certain interval, when they flow again, are a- 
plained on the principle of the syphon. The annexed cut repreaatt 




a reservoir or hollow in the interior of a hill, having a syphoo-shaped 
oudet. It is obvious, upon hydrostatic principles, that no water wiB 
be discharged until the fluid has reached a level in the reservoir equal 
to the top of the bend in the oudet. Then it will begin to run out, 



• We prefer to describe such instrumenlii in general terms, but the 
student will find it convenient to recite the explanation from the figure, 
and letters are annexed to the figures for that purpose. 
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will continue to run, until the water has descended to the le\ 
the outlet ; after which, no more water will be discharged un 
C3ogh has collected to rqach the higher level, as before. 



Fig. 211- 



u 



8 



^ 




V 



1 



H 



B 



^76. The common Suction Pump. — ^This pump 
consists of two hollow cylinders, placed one under the 
r^ and communicating by a valve which opens up- 
rds. The lower cylinder (which has its lower ori- 
B finder water) is called the suction tube. In the 
r cylinder, a piston moves up and down from the 
torn to a spout in the side near the top. This cyl- 
we call the exhausting tube. Suppose, at the 
c<^i3»nencement of the operation, the piston is at the 
l>^:>t:tom of the exhausting tube, in close contact with 
t^^ valve. On raising it, the air in the suction tube 
^^^ing Botbing to resist its upward pressure, lifts the 
^^^ve and expands, so as to fill the void space, which 
^^^ciuld otherwise be left in the lower part of the ex- 
»^tisiing tube. By this means, the air in the suction 
^^1)8 is rarefied, and no longer being a counterpoise 
^ the pressure of the atmosphere on the surface of 
^e well, the latter predominates and forces the water 
Vp the tube until enough has been raised exactly to 
counterbalance the excess of the elasticity of the ex- 
ternal air above that of the tube. As the piston de- 
scends, the air below it is prevented from returning into the suction 
pipe by the valve which closes on its mouthy but escapes through a 
valve in the piston itself opening upwards in the same manner as in 
ibe barrels of the air pump. (Art. 525.) The piston being raised 
again, the column of water ascends still higher, until it makes its way 
hrough the valve into the exhausting pipe. Then as the piston de- 
fends, the water opens its valve, and gets above the piston, and is 
(ted to the level of the spout, where it is discharged.^ 



H 




• The student is requested to describe from the figure. It is recom- 
nded to him, however, to form as distinct an idea as possible, oif the 
mciple of a machine from the general description, before he resorts 
he figure. 
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The principle of the suction pump may therefore be thus enunci- 
ated : 

The water is raised into the exhausting pipe by the pressure of the 
atmosphere^ and thence lifted to the level of the spout by means of the 
pistons 

Since a column of water thirty four feet in height, in the suctioD 
tube, would counterbalance the entire pressure of the atmosphere on 
the surface of the well, no force would remain to urge the column 
any higher, and therefore the valve at the top of the suction tube, 
roust be less than thirty four feet above the well. 

617. Let us now consider the force which is required b each 
stage of the process, to elevate the piston, exclusive of the weight of 
the piston, rods, and the effects of the friction. Let the piston be at 
V, and the level of the water in the suction pipe at H. Let the num- 
ber of feet in CH be called A. The elastic force of the air in BH 
will then be such as to exert a pressure on every square inch, equal 
to the weight of a column of water, whose base is a square inch, and 
whose height expressed in feet, is 34— A. In its ascent, therefore, 
each square inch of the section of the piston, is pressed upwards by 
this force. It is, on the other hand, pressed downwards by the whole 
force of the atmosphere, which is equal to the weight of a column 
of water of the same base, and thirty four feet high. The effective 
force then which resists the ascent of the piston, for every isquare 
inch, is the weight of a column of water, whose base is a square inch, 
. and whose height is the difference between thirty four feet, and 34— A 
feet ; that is, the effective force is A feet. Thus it appears, that it 
requires a force to lift the piston exactly equal to the weight of a 
column of water, whose base is equal to the section of the piston, and 
whose height is that of the water in the suction pipe, above the level 
of die water in the well. It follows, therefore, that as the water 
rises in die suction pipe, the force required to lift the piston is pro- 
portionally increased. 

Let us next consider the force required to lift the piston, in die 
second part of the process ; viz. when the water raised has passed 
through the piston valve. , 

Let the piston be at V, and the level of the water at H'' ; the 
downward pressure sustained by the piston, in this case, is evidendy 
the weight of the incumbent water BH'^ together with the weight 
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of the atmosphere. Let A be the number of feet in the height BH^^, 
and 34 -f A will express the number of feet in a column of water, 
whose base is equal to the section of the piston, and whose weight is 
equal to the whole downward pressure sustained by the piston. 

On the other hand, the upward pressure is produced by the weight 
of the atmosphere pressing on the water in the reservoir, and trans- 
mitted through the column CB, to the lower surface of the piston. 
But as tliis pressure has to support the column BC, we must subtract 
from it the weight of this column, in order to obtain the effective up- 
ward pressure on the piston. From a column of water thirty four 
feet in height, and with a base equal to the section of the piston, 
subtract as many feet as there are in BC, and we shall obtain a col- 
umn whose weight is equal to the upward pressure. 

The downward pressure equals 34+ A 

The upward do. do. 34 -BC 

Remainder A-fBC 
But A+BC=H' B+BC=H 'C. 

Thus it appears, that the force necessary to lift the piston, is the 
weight of a column of water, whose height is that of the column above 
the level of the water in the well, and whose base is equal to the 
section of the piston. This force, therefore, from the commence- 
ment of the process, continually increases, until the level of the water 
rises to the discharging spout, and thenceforward remains uniform.* 

578. From the foregoing remarks, it is evident that the same force 
IS expended in raising water by means of the pressure of the atmos- 
phere, as when the force is applied directly. We lift upon the at- 
mosphere, instead of lifting directly upon the column of water. This 
method of raising water from a well, is frequently more convenient 
than by a simple bucket, but the expenditure of force is the same in 
both cases. 

To compute the actual force necessary to work a pump, (exclu- 
^ve of the pump rods,) let the height of a discharging spout S, above 
the level of the water in the well, be expressed in feet, and let the 
Dumber which expresses it be A. Let the diameter of the piston, ex- 
pressed in parts of a foot, he d; then the section of the piston ex- 

• Library of Useful Knowledge, Art. " Pneumatics/' 
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pressed in parts of a square foot, will be d* X .7854. If this product 
be multiplied by the number of feet h in the height, we shall obtain 
the number of cubic feet of water which it is necessary to lift at each 
stroke, since this Dumber =rf"X.7854xA, Now each cubic foot 
of water weighs about 62J pounds; hence (f' x.7854xAx63}= 
number of pounds required at each stroke to lift the piston. 

The column of water discharged at each stroke, is equal to t 
column of water, whose base is the section of the piston, and whose 
altitude is the length of the stroke. The quantity may therefore be 
found, in cubic feet, by multiplying d' X .7654 by ibe number of 
feet in the length of the stroke. The weight of the water discharged 
may be ascertained in pounds avoirdupois, by multiplying this pro- 
duct by 62 J. 

579. TheLifting Pump. — This pump also Fig. 212. 

connsts of a hollow cylinder AB, (Fig. 212.) 
immersed in the reservoir from which the wa- 
ter is to be raised. A valve opening upwards, 
is fixed in this cylinder at V, a little below the 
level L of the water in the reservoir. A pis- 
ton F, having also a valve opening upwards, is 
moved in this cylinder by a frame FFFF, con- 
nected with the end of the jiiston tod PH. At 
the top of the cylinder is a spout S, to discharge 
the water elevated. Let us suppose the piston 
P at the bottom B of the cylinder. The press- 
ure of the water in the resei-voir, will force wa- 
ter through the piston-valve, until the water ri- 
ses in the cylinder to the valve V, or to ahoilt 
the level of the water in the reservoir. It would 
rise to the exact level, but for the weights of the 
valves. Upon elevating the piston P, the wa- 
ter, not being permitted to pass through the *" *" 
piston-valve, will be pressed against the valve V, and opening it, mil 
pass into the upper chamber VA of the cylinder ; from whence it i» 
not allowed to return, since the valve V opens upwards. As the pis- 
ton rises in BV, the pressure of the water in the reservoir forces wa- 
ter after it into the cylinder ; and upon its descent, this water passes 
through the piston-valve. The next ascent forces water again through 
V ; and so on. The water thus continuaUy forced through V, at 
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Bvety ascent of the p!stOD, accumulates in the cylinder above tbe 
valve y, aod its height iDcreases until it reaches the spout S, where 
it is discharged. This machine maybe described in general terms, 
as follows. 

In the Lifling-Pump there is no auction tube, hut ike exhautting 
tvht, with its piston, is immersed in the reservoir, and on raiting the 
piston, the water is lifted tip through a valve at the top of the ece- 
Mausting pipe, into the ascending pipe. 

To find the force necessary to raise the piston, we are to eoo- 
uder that the water in the reservoir balances the water in the cyl- 
mder from the bottom B to the level L. The piston, therefore, has 
only to lift the column from L, to the level of the water in the cyliiv- 
der. After a few strokes, this water rises to S, and continues per- 
manently at that level afterwards. If, then, the number of feet in 
SL be called h, and the diameter of the section of the piston, ex- 
pressed in parts of a foot, be called d, the number of cubic feet of 
water which presses on the piston, will be expressed by d'.7854xh. 
This product multiplied by 63 J, will express the pressure on the pis- 
loo in pounds ; and if to this the weight of the piston and rod, to- 
gether with the efiects of friction, be added, the whole force neces- 
sary to lift the piston will be obtained. The quantity of water dia- 
chai^ed is found in the same manner as for the suction-pump. 

580. The Forcing Pump.— A cylinder ABC Fig. 213. 
(fig. 313.) is placed with its lower end C in the 
reservoir. It has a fixed valve at V, opening np- 
wards, and a solid piston without a valve, playing 
air t%ht in the upper barret AB. It is connected 
with another barrel DE by a valve V opening op- 
wards and outwards. The tube DE is carried 
to whuever height it may be necessary to elevate 
tbe water. Let us suppose that the solid piston 
P is in contact with the valve V, and that the wa- 
ter in the lower barrel is at the snme level C with 
ibe water in the reservoir. Upon raising the pis- 
ton, the air iu BC will be rarefied, and ihe water 
will ascend in BC exactly as in die suction-pump. 
Upoa again depressing the piston, the air in PV 
■in be depressed, and it will force open the valve 
V', aod escape through it. The process, there- 
fore, unul water is raised through V into the upper 
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barrel, is precisely the same as for the suction pump, the valve V^ 
taking the place of the piston-valve in that machine. Now, let us 
suppose that water has been elevated through V, and that the space 
Py is filled with it. Upon depressing the piston, this water, not be- 
ing permitted to return through V, is forced through V^, and asecads 
in the tube DE. By continuing the process, water will accumulate 
in the tube DE, until it acquires the necessary elevation, and is dis- 
charged. Or, to enmiciate the principle of tlus machine in general 
terms — 

In the forcing pump^ the piston has no valve^ hut the water being 
elevated into the exhausting tube^ as in the suction pumpf it is then 
forced J by the descent of the piston^ into the ascending pipe through a 
valve placed in the side and at the bottom of the exhausting tube. 

581. The force requisite to elevate the piston m this pump until 
the water reaches it, is computed in exactly the same manner as for 
the suction-pump, and, exclusive of the weight of the piston and its 
rods, and the effects of friction, it is equal to the weight of a columo 
of water whose base is the section of the piston, and whose height is 
the distance of the level of the water in the barrel AC, above the 
level in the reservoir. It is evident also from what has been said 
on the suction-pump, that the valve V should be less than thirty four 
feet above the level of the water in the reservoir. If P express in 
pounds av. the weight of the piston and its rods, d be the diameter 
of a section of the piston expressed in parts of a foot, and h be the 
number of feet in AC, the force in pounds necessary to lift the pis* 
ton will be Ax d^ X. 7864 +P. 

Let us now examine the force necessary to depress the pistODw 
Let the level of the water in ED be M. The atmospheric pressure 
on M will be balanced by the same pressure on the piston, by the 
power of transmitting pressure peculiar to fluids. This force may 
therefore be neglected ; also the part PV will balance the part ND 
of the ascending column, (Art. 456.) Hence it appears, that the 
pressure exerted by the water in PV on the lower surface of the pis- 
ton is equal to the weight of a column of water whose base is equal 
to the section of the piston, and whose height is MN. This, there- 
fore, is the force to be overcome in the descent of the piston, and the 
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Weight P of the piston and its rods assist in overcoming it. Let hf 
be the number of feet in MN, and the mechanical force necessary to 
he applied to depress the piston will be expressed in pounds by 
Jk' X J* X .7864 X 62.5 -P. 

From these observations, it appears that the weight of the piston 
4ind its rods assist the forcing power of the machine, but oppose its 
ituetion power. These effects, therefore, on the whole, neutralize 
one another.* 

582. The entire force used in raising the water, will be found by- 
adding the force necessary to elevate the piston to that which is ne- 
cessary to depress it. As in this case the weight of the piston and 
rods increases the one as much as it diminishes the other, the entire 
force will be the weight of a column of water whose base is the sec- 
tion of the piston, and whose height is PC+MN, that is, the height 
of the level of the water in the ascending pipe above the level of the 
water in the reservoir; and expressed in pounds, this is (A-f-A^)X 
,7ro4J« X62.5. 

Ittqppears, therefore, that, other circumstances being the same, the 
power of the forcing-pump has the advantage over that of the suc- 
doQ-piunp, by the weight of the piston and its rods. 

583. In forcing-pumps, since the power is applied by separate im- 
pulses, the water would issue in jets were not some contrivance adopt- 
ed to equalize its flow from the tube. This purpose is effected by 
means of an air vessel, in which a portion of condensed air is made 
the medium of communication. The force imparted by successive 
blows of the piston is first received by this confined body of air, and 
this, by its elasticity, reacts on the surface of the water in the air 
vessd, and forces it out by the conducting pipe or hose. 

An example of this is afforded in the Fire Engine, The fire 
ei^ne omsists of two forcing pumps, which throw the ;water 
into an air vessel, fi*om which it is thrown out of the conducting 
hose by tbe elastic pressure of condensed air. Thus^ (jPig. 214^) 
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AB,ABaretwoforciDg-puinps,wIiose Fig. 314k 

pistoas PP are wroughl by a beam 
whose fulcrum is at F ; W are 
valves which open upwards from a 
suction-tube T, which communicates 
with a reservoir ; ^ t are force-pipes, 
wbich communicate by valves V'V, 
opeuing into an air vessel M. A tuba 
L is inserted in the top of this vessel, 
terminating in a leathern tube or hose, 
through which the water is forced by 
tbe pressure of the air confined in 
M, which, in consequence of its elas- 
tic!^, acts nearly uniformly on the 
surface of the water, and forces it through the hose in a coDtinail 
stream. 




584. The Hdngarian Machine. 
—This celebrated machine is em- 
ployed in draining a mine at Chem- 
niu, in Hungary. We introduce a de- 
scription of it here, on account of its 
aSbrding a good illustration of several 
hydraulic and pneumatic principles. 
Here the object is to raise water from 
a deep mine to the height of ninety 
dz feet, where it can be poured olT by 
a horizontal channel. Now it is easy, 
in such a case, to take a stream of 
water near the top of the pit, (and a 
very small stream will answer the pur- 
pose,) and to convey it into n pipe 
which shall descend into the mine, 
and affi)rd, by hydrostatic pressure, 
aoy degree of force required to raise 
the water of the mine, not indeed to 
the top of the pit, for that is hardly 
ever necessary, but to such a height 
that it may be poured off by a hori- 
zontal drain. In the mine of Hun- 



Fig. 215. 
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^uy, the water, which is to supply the required pressure, is taken 
Bt the height of two hundred and sixty feet abore the surface of 
the water in the pit. From the cistern A, where the head of water 
collects, it descends into the perpendicular pipe B, (Fig. 215,) 
nearly to the bottom of the air-vessel C. Flowing into this, it con- 
denses the air before it, which, by its elasticity, receives and exerts 
the whole force created by the pressure of the column of water B. 
This force is transmitted through the air-pipe D, to the surface of 
the water contained in the well E, which is sunk into the water of 
the mine, admitting it freely by means of a valve in the bottom 
opening upwards. This well and the air vessel C, are made strong 
and air-tight. From near the bottom of the well proceeds a per- 
pendicular tube F, reaching to the height of the drain. 

585. We may now easily understand the operation of the ma- 
chine. We have to raise water ninety six feet, and we can com- 
mand a column of water two hundred and sixty feet high ; but we 
have no occasion to employ the whole of this force, and so long a 
column of water would require a pipe of very great strength, espe- 
daUy in the lower parts of it. A column one hundred and thirty six 
feet longy is found by calculation competent to raise the water in the 
pit to the required height of ninety six feet, and to make it flow off 
witb a considerable velocity into the drain. Therefore, at the dis- 
tance of one hundred and thirty six feet from the reservoir, we inter- 
pose an air-vessel C, and receive the entire force of the column B 
upoxk the air of this vessel, which is compressed into a small space in 
the upper part of the vessel, and has its elasticity proportionally aug- 
mented, (Art. 546.) This force, by means of the pipe D, is trans- 
mitted to the surface of the water in the well, and forces the water 
up the pipe F, which delivers it into the drain. The principle of the 
Hungarian machine, therefore, may be thus enunciated. 

Water it raised by the pressure of a column of watery longer than 
the column required to be raised^ and at a higher level; the pressure 
being transmitted from one column to the other^ through the medium 
qf condensed air J* 

* A remarkable fact is mentioned in connexion with the Hungarian 
Machine, which shows very strikingly, the increase of capacity for 
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586. Steam Engine. — ^It belongs to Chemistry to ioTestigtte At 
properties of steam,, and to Natural Philosophy to apply it als a aw* 
chanical agent. The steam engine is the fruit of the highest effixtf 
of both these sciences, and the most valuable present erer made bj 
philosophy to the arts.^ As it is impossible clearly to understand the 
principles and construction of this engine, without a knowledge ef 
the properties of steam, on which they depend, we subjoin an account 
of a few of its leading properties, referring to chemical autborsf fiv 
a more detailed view of this subject. 

(l.)| The great and peculiar property of steam, on which its me- 
chanical agencies depend, is its power of creating at one mawutU a 
high degree of elastic force^ and losing it instantaneously the next 
ment. This force, acting on the bottom of the piston which 
in the main cylinder, raises it, and fills the space below it with steam* 
The steam is suddenly condensed, and hence no obstacle is opposed to 
the descent of the piston, but it is readily forced down again by steam 
acting from above. This alternate moUon of the piston, the rod of 
which is connected with the working beam, is all that is required in 
order to communicate motion to all parts of the engine. 

(2.) 7%e elastic force of steam depends on its temperature and da^ 
sitjf coryointly ; and the temperature necessary to its production d^ 
pends upon the pressure incumbent upon the water during itefoT" 
motion. 

The reason why water boils at the temperature of 212^ is, that at 
that temperature, the vapor acquires just elasticity sufficient to over- 



heat and consequent production of coldt which arises from a sudden 
enlargement of volume. When the efflux of the water from the pipe 
F has ceased, if the cock of the air vessel C be opened, the water and 
air rush out together with prodigious violence, and the drops of water 
are changed into hail or lumps of ice. It is a srght usually shown to 
strangers, who are desired to hold their hats to receive the blasts of 
air; the ice comes out with such violence as- frequently to pierce the 
hat like a bullet. — Gregory^ s Mechanics^ II, 221. 

• Dr. Black. 

t See, especially, Silliman's Chemistry, Vol. I. 

^ See Review of Renwick on the Steam engine^ Americai^ Jour- 
nal, XX. 826. 
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eottie the atmospheric pressure. Hence, steam produced tt the 
temperature of boilmg water, has a force equal to the pressure of the 
atmoiqphere* When formed at a lower temperature its elasticity di- 
miniahes in a geometrical ratio,*and increases in the same ratio when 
k is formed at a higher temperature. Water boils, or is converted 
ioto vapcMT, at a temperature less than 212^, on high mountains, (Art. 
551.) t>r under the receiver of an air pump, or in other situations 
where the pressure of the atmosphere is diminished ; and in a iMiciiiffii 
the boiling point of water is as low as 72^. 

(3.) Heat rapidly augments the elasticity of steam by increasing its 
denrih/. If we introduce a few grains of water into a flask, and 
{dace it over the fire, the water will soon be converted into steam, 
which will expel the air of the vessel and fill its whole capacity. If 
we now close the orifice of the flask and continue the heat, the steam 
win increase in elastic force in the same manner as air would do under 
similar circumstances, which is at a comparatively moderate rate, so 
that it might be heated red hot without exerting any very vblent force. 
If, however, the vessel is pardy filled with water, and the heat is 
cootbued as before, then the elastic force is rapidly augmented, and 
becomes at length so great as to burst almost any vessel that can be 
provided ; for every new portion of vapor that is raised from the 
surface of the water, adds to the density of that which was before in 
the vessel, and proportionally increases its elasticity. In the experi- 
ments of Mr. Perkins, a confined portion of steam, not in contact 
with water, was heated to the temperature of 1400^, and still its pres- 
sure did not exceed that of five atmospheres ; but, by injecting more 
water, although the temperature was lessened, the elastic force was 
gradually increased to one hundred atmospheres.* 

(4.) The space into which a given quantity of water is expanded in 
beeamisg steamj depends upon the temperature^ and of course upon 
ike degree of pressure^ at which it is formed. Water converted into 
steam at the temperature of 212^, expands nearly one thousand and 
seven hundredf times; but at the temperature of 419^, it expands 
but thirty seven times. According to Dr. Thompson,| at a tempe- 

* Renwick on the Steam En^ne, p. 95. 

f It will assist the memory to consider a cubic inch of water as 
forming a cable foot of steam, as is nearly the fact. 

X Outline of the sciences of Heat and Electricity, p. 222. 
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rature not much higher than 500^, steam would not oinoh 
double the bulk of the water fr6ni which it is generated. The es* 
pansive force of such steam would be truly formidable. It wooU) 
when it issued into the atmosphere, sifddenly expand six buiidnd nd 
fifty times. We do not know at what temperature water would bt* 
come vapor without any increase of volume^ but we can eeMMHedm 
it would then support a column of hiercury three didUsand two •ho** 
dred and forty three feet (or more than half a mile) high, and would 
exert a pressure of nearly itoeniy ikoUMand pounds on every mfomet 
inch. 

(5.) The absolute qunntity of heat is always the same in the 
weight of steamj whatever may be the temperature cf that 
When vapor is formed at a low temperature, nearly all the beat iktt 
enters it is in the latent state ; but as we heat it to a higher degree, 
its proporuon of sensible heat is constantly augmented, and that 6[ 
latent heat diminished in the same ratio, so that the sum of the (we 
is the same constant quantity. 

These preliminary principles being well understood, and kept 
clearly in mind, it will be easy for the learner to compreheud the 
principles involved in the steam engine, and the dangers with wfaieli 
it is environed. The general interest felt in this subject renders il 
one peculiarly deserving of the attention of the student, and inducei 
ttsto devote a considerable space to the consideration of it. 

587. The steam engine owes its present form and perfectioo, cUefy 
to the genius and labors of the late James Watt^ Esq.^ of Bkigtand. 
His inquires on the subject commenced in the year 1763. The 
^ne in use previous to that time, was what is now called the 
pherie engine. It has already been remarked, (Art. 586.) that the 
chief object in the use of steam is to cause the alternate ascent and 
descent of a piston moving in a cylinder, since this motion ma;f, hf 
the aid of machinery, be so modified as to answer all the purpoees 
required of the engine. In the atmospheric engine, at the com- 
mencement of the operation, the piston remained drawn up to the 
top of the cylinder, being kept there by the preponderancy of the 
opposite arm of the lever, or working beam, to which it was attached. 
Steam being admitted through a valve into the cylinder, expelled the 
air and occupied its place. Cold water now being admittedy the 
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8t6tm was suddenly condensed, a vacuum formed, and the atmos- 
pberie pressure on the upper side of the piston, having nothing to 
oounterbalance it on the lower side, forced it down to the bottom of 
the cylbder. Steam being again admitted below the piston, suppUed 
an upward force equivalent to the downward pressure of the atmos- 
phere on the piston, and the preponderancy of the opposite arm of 
the lever dragged up the piston as before. 

It is impossible to understand the reason of the construction of the 
different parts of Watt's steam engine, without a knowledge of the 
imperfections of the atmospheric engine, imperfections for which he 
aotight and found a complete remedy. We, therefore, subjoin a brief 
notice of the successive steps by which Mr. Watt was led to his great 
improvements.'' 

588. Mr* Watt was, when a young man, mathematical instm- 
naeot maker to the University of Glasgow. Being employed to re* 
pair a model of an atmospheric engine, belonging to the University , 
he found the consumption of steam in working this model so great, 
that he concluded that the quantity wasted must have borne a very 
large proportion to that expended in working the piston. The rea- 
aen of this waste will be easily understood. When the steam fills 
tlrai cylinder, so as to balance the atmospheric pressure on the pis* 
ton, the cylinder must have the same temperature as the steam itself. 
Now, on introducing the condensing jet, the steam mixed with this 
waleiV' forms a mass of hot water in the bottom of the cylinder. 
Tbb water, not being under the atmospheric pressure, boils at very low 
temperature, (Art. 586.) and produces a vapor which resists the de- 
scant^of the piston. The heat of the cylinder itself assists this pro- 
cess-; so that, in order to produce a tolerably perfect vacuum under 
the pislcNi, it was found necessary to introduce so considerable a quan- 
tity of condensing water, as would reduce the temperature of the water 
ia the cylinder lower than 100^, and which would consequently cool 
thti cylinder itself to that temperature. Under these circumstances, 
tW descent of the piston was found to suffer very little resistance from 
any vapor withm the cylinder; but then on the subsequent ascent of 



* Abridged Arom Lardner's Lectures on the Sicam En^puae. 
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the piston, an immense waste of steam ensued. For on bebg wi^ 
mitted under the piston, the cold cylinder and water of condensatioii 
immediately condensed the steam, and continued to do so, until the 
cylinder became heated again up to 212^, to which point the whole 
cylinder must be again heated, before the steam would acquire suffi- 
cient elasticity to raise the piston. Here then was an obvious and an 
extensive source of the waste of heat. At every descent of the pis- 
ton, the cylinder must be cooled to below 100^ ; and at every ascmt^ 
it must be again heated to 212^. It, therefore, became a questioa, 
whether the force gained by the increased perfection of the vacuum, 
was adequate to the waste of fuel in producing the vacuum ; and it 
was found, on the whole, more profitable not to cool the cylinder to 
so low a temperature, and consequently to work with a verj impw- 
fect vacuum, and a diminished power. Watt, therefore, found the 
atmospheric engine in this dilemma : either much or little water of 
condensation must be used. If much were used, the vacuum would 
be perfect; but then the cylinder would be cooled, and would occa- 
sion an extensive waste of fuel in heating it. If little were used, t 
vapor would remain, which would resist the descent of the piston, and 
rob the atmosphere of part of its power. The great problem then 
pressed itself on his attention, to condense the steam unihoui cooUng 
the cylinder. To the solution of this problem. Watt now gave his 
whole mind. The idea occurred to him of providing a vessel sepa- 
rate from the cylinder, in which a constant vacuum might be kept 
up. If a communication could be opened between the cylinder and 
this vessel, the steam by its expansive property, would rush from the 
cylinder to this vessel, where, being exposed to cold, it would be 
immediately condensed, the cylinder meanwhile being sustained at 
the temperature of 212^. This happy conception formed the first 
step of that brilliant career, which has immortalized the name <tf 
Watt, and spread his fame throughout the civilized world. He states 
that the moment the notion of ^^ separate condensation'' struck him, 
all the other details of his improved engine followed in rapid and 
immediate succession ; so that, in the course of a day, his inventioQ 
was so complete, that he proceeded to submit it to experiment. 

589. His first notion was, as has been stated, to provide a separate 
vessel, called a condennry having a pipe or tube communicating with 



STEAK ENGINE. 49 

the cylinder. This condenser be proposed to keep cold by immer- 
siog it in a cistern of cold water, and by providing a jet of cold 
water to play within it. When the communication with the cylinder 
is opened, the steam, rushing into the condenser, is immediately con« 
densed by the jet and the cold surface. But here a difficulty present- 
ed itself, viz. how to dispose of the condensing water and condensed 
steam, which would collect in the bottom of the condenser. Besides 
this, a certain quantity of air would inevitably enter, mixed with 
the condensing water, which, accumulating, would collect in the cyl- 
inder, and resist the descent of the piston. To remedy this, he pro- 
posed to form a communication between the bottom of the condenser 
and a pump, which he called the air pump ; so that the water, the air, 
and the other fluids, xohich might be collected in the condenser, would 
thus be drawn off; and this pump could be worked by the machine 
iiseff'. 

590. Another inconvenience was still to be removed. On the 
descent of the piston, the air which entered the cylinder from above 
would lower its temperature ; so that, upon the next ascent, some of 
the steam which entered it would be condensed, and hence would 
arise a source of waste. To remove this difficulty. Watt proposed 
to close the top of the cylinder altogether, by an air-tight and steam- 
tight cover, allowing the piston-rod to play through a hole furnished 
with a stuffing box, and to press down the piston by steam instead of 
the atmosphere. Watt's grand inprovements in the steam engine, con- 
sisted therefore, of three separate steps. The first was the introduction 
of the condenser ; the second, the contrivance of the air pump ; and 
the third, the employment of steam instead of atmospheric pressure, 
to force down the piston. This third step totally changed the char- 
acter of the machine. It now became really a steam engine in every 
sense; for the pressure above the piston was the elastic force of steam, 
and the vacuum below it was produced by the condensation of steam ; 
so th^t steam was used both directly and indirectly as a moving power; 
whereas, in the atmospheric engine, the indirect force of steam only 
was used, being adopted merely as an easy method of producing a 
vacuum. 

Vol. n. 7 
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591. The last difficulty respecting the economy of heat that re- 
mained to be removed, arose from the liability of the external surface 
of the cylinder to become cool by the circulation of the cold air 
around it. To obviate this difficulty, Mr. Watt first proposed casiog 
the cylinder in wood, as being a substance which conducted heat 
slowly. He subsequently, however, adopted a difiereut method, and 
enclosed one cylinder within another, leaving a space between them, 
which he kept constantly supplied with steam. Thus the inner cyl- 
inder was kept constantly up to the temperature of the steam which 
surrounded it. The outer cylinder is called the jacket. 

Watt computed that in the atmospheric engine, three times as 
much heat was wasted in heatbg the cylinder, and the other parts 
of the machine, as was spent iu useful effect. And, since in the 
improvements proposed by him nearly all the waste was removed, he 
contemplated, and afterwards actually effected, a saving of three 
fourths of the fuel. 

With these things distinctly in view, the learner will now be pre- 
pared to understand the construction of this noUe engine, in its Bsoat 
improved state. 

592. The difficulty of understanding the construction and princi- 
ples of the steam engine, (as is the case also witli many other ma- 
chines where the parts are numerous,) is greatly enhanced, by the 
variety of accidental trappings or appendages that are employed abotit 
the machine, to perform subordinate offices. As these render the 
comprehension of the leading principles difficult, when the explaaa- 
tion is attempted from the engine itself, so these inferior parts are 
often so multiplied in diagrams as greatly to obscure the representa- 
tion. We shall begin our explanation with a diagram which pre- 
sents the naked principles divested of all unnecessary appendages. 

593. The chief parts of the engine are the boHer A, the cylinder C, 
the condenser L, and tlie air-pump M. B is the steam-pipe^ branching 
into two arms communicating respectively with the top and bottom of 
the cylinder ; and K is the eduction-pipe^ formed of the two branches 
which proceed from the top and bottom of the cylinder, and comaiu- 
nicate between the cylinder and the condenser. N is a cistern or 
well of cold water in which the condenser is immersed. Each 
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branch of pipe has its own valve, as F^ G, P, Q, which may be open- 
ed or closed as the occasion requires. 




594. Suppose, first, that all the valves are open, while steam is issu- 
ing freely from the boiler. It is easy to see that the steam would circu- 
late freely through all parts of the machine, expelling the air, which 
would escape through the valve in the piston of the air-pump, and 
thus the interior spaces would be all filled with steam. This process 
is called blounng through : it is heard when a steam-boat is about set- 
ting off. Next, the valves F and Q are closed, G and P remaining 
open. The steam now pressing on the cylinder forces it down, and 
die instant when it begins to descend, the stop cock O is opened, ad- 
mitting cold water which meets the steam as it rushes from the cyl- 
inder and effectually condenses it, leaving no force below the piston 
to oppose its descent. Lastly, G and P being closed, F and Q are 
opened, the steam flows in below the piston and rushes from above 
it into the condenser, by which means the piston is forced up again 
with the same power as that with which it descended. Meanwhile 
the air-pump is playing, and removing the water and air from the 
€K>Ddenser, and pouring the water into a reservoir, whence it is con- 
veyed to the boiler to renew the same circuit. 



* From Jones' Conversations on Chemistry, a work which contains 
• wmy InroiaouB view of the elementary principles o( the sieam engine. 
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595. The kind of valve chiefly employed in the steam eogine is that 
called the puppet valve.* It resembles the stopper of a decanter, hot 
is more obtuse. All these various appendages of the machine, are 
carried by the engine itself; the air pump is worked by having its 
piston rod attached to one arm of the working beam, and the valves 
are opened at the instant required by means of levers, to which also 
motion is communicated from the same source. 

696. Soon after the invention of these engines, Watt found tbat,b 
some instances, inconvenience arose from the too rapid motion of the 
steam piston at the end of its stroke, owing to its being moved with 
an accelerated motion.f This was owing to the uniform action of the 
steam pressure upon it. For on first putting it in motion, at the top 
of the cylinder, the motion was comparatively slow, but from the con- 
tinuance of the same pressure the velocity with which the piston de- 
scended was continually increasing, until it reached the bottom of the 
cylinder, when it acquired its greatest velocity. To prevent this, 
and to render the descent as nearly uniform as possible, it was pro- 
posed to cut off the steam before the descent was completed, so that 
the remainder might be effected merely by the expansion of the 
steam which was admitted to the cylinder.} To accomplish this be 
contrived, by means of a pin on the rod of the air-pump, to close the 
upper steam-valve when the steam-piston had completed one third 
of its entire descent, and to keep it closed during the remainder of 
that descent, and until the piston again reached the top of the cylin- 
der. By this arrangement, the steam pressed the piston with its full 
force through one third of the descent, and thus put it into motion ; 
during the other two thirds of the way, the steam thus admitted acted 
merely by its expansive force, which became less in exactly the same 
proportion as the space, given to it by the descent of the piston, in- 
creased. Thus during the last two thirds of the descent, the piston 
is urged by a gradually decreasing force, which in practice is found 



* Seen at V, fig. 105, Vol. I. p. 271. 

t For since the steam continues to act upon the piston during its 
descent, its velocity would be constantly increased, like that of a ball 
in the barrel of a gun. (Art. 334.) 

% Steam engines constructed on this principle are said to act expand 
sively. 
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just sufficient to keep up in the piston a uniform velocity. Another 
advantage gained by this contrivance independently of the uniformity 
of motion was, that two thirds of the fuel was saved ; for instead of 
consuming a cylinder full of steam each descent of the piston, only 
one third of a cylinder full was necessary. 

697. From the foregoing account of the principles of the steam 
engine, the learner will be able to give a full explanation of the con- 
struction and use of the various parts of this important and interest- 
ing machine,* from the 6gure. 

A. The Boiler. 

B. The Steam Pipe, conveying the steam to the cylinder, having 

a steam-cock b to admit or exclude the steam at pleasure. 
C The Cylinder, surrounded with the jacket cc, 

D. The Eduction Pipe, communicating between the cylinder and 

the condenser. 

E. The Condenser, with a valve e, called the Injection-cock^ ad- 

mitting a jet of cold water, which meets the steam the instant 
the latter enters the condenser. 

F. The Air Pump. 

O.G. Cold Water Cistern, for the Condenser, filled by 
H. The Cold Water Pump. 
I. The Hot Well, containing water from the condenser. 
K. The Hot Water Pump, which returns the water of conden- 
sation to the boiler. 
L.L. Levers, which open and shut the valves in the channel be- 
tween the Induction Pipe, Cylinder, Eduction Pipe, and 
Condenser ; which levers are raised or depressed by projec- 
tions attached to the piston rod of the condenser. 
M.M. Apparatus for parallel Motion,! (Art. 411 and 12.) 
N.N, The Working Beam. 
0.0. The Governor. (Art. 396.) 

P. The Crank. (Art. 407.) 
Q.Q. The Fly Wheel. (Art. 392.) 



' One of the best descriptions of the steam engine may be found in 
**lliogton'8 Epitome of Natural Philosophy. 

t In the Engines constructed recently at New York, under the di- 
nctioQ of Mr. R. L. Stevens, a substitute for the parallel motion has 
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598. The working beam is here represented u acting iQiinadi- 
atelj upon the fly wheel, from which, as from a reservoir, motioa 
may be distributed to all parts of the engine. (Art. 392.) It is ob- 
vious, however, that tlie same end of the working beam, instead of 
expending its force upon the fly wheel, may be connected direcdy 
with the piston rod of a pump for raising water, or with a horizontal 
shaft with wheels, as in the steam-boat. In some steam-boats, par- 
ticularly those of a large size, the fly wheel is dispensed with, tbe in- 
ertia of the boat itself being suflScient to regulate the motion. (Art. 
391.) 

599. In steam engines of the foregoing construction, the pressure 
introduced on one side of the piston derives its eflScacy, either wholly 
or in part, from the vacuum produced by condensation on tbe other 
side. This always requires a condensing apparatus, and a constant 
and abundant supply of cold water. An engine of this kind, must 
therefore necessarily have considerable dimensions and weight, and 
is inapplicable to uses in which a small and light machine only is ad- 
missible. If the condensing apparatus be dispensed with, the piston 
will always be resisted by a force equal to the atmospheric pressure, 
and the only part of the steam pressure which will be available as a 
moving power, is that part by which it exceeds the atmospheric pres- 
sure. Hence, in engines which do not work by condensation, steam 
of a much higher pressure than that of the atmosphere, is indispensa- 
bly necessary ; and such engines are therefore called Wgh Pres^ 
sure Engines. The steam, when it has once produced its efiect in 
raising or depressing the piston, escapes into the atmosphere, not be- 
ing condensed and returned to the boiler as in low pressure or con- 
densing engines. In these engines the whole of the condensing ap- 
paratus, viz. the cold water cistern, condenser, air-pump, &c. are 
dispensed with, and nothing is retained except the boiler, cylindo*. 



been introduced, that performs the task equally well, and is much less 
complex. On the head of the piston rod a bar is fixed, at right angles 
to it, and to the longitudinal section of the engine. The ends of this 
bar work in guides formed of two parallel and vertical bars of iron, 
by which the upper end of the piston-rod is constrained to move in a 
straight line. {Renicich) 
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piston, and ra]?es. Consequently, such an engine is small, ligbi, 
Mid cheap. It is portable also, and may be moved, if necessary, 
along with its load, and is therefore well adapted to locomotive pur- 
poses* Hence its ^use in small steam-boats, and in locomotive car- 
riages or railways. 



CHAPTER VI. 



OF ACOUSTICS. 



600. Acoustics* is the science which treats of the nature and 

laws of SOUND. 

Sound and its Modes of Production, \ 

601. If we rub our moistened finger along the edge of a drinking 
glasSy or draw a bow across the strings of a violin, we can in both 
cases procure sounds which remain undiminished in intensity, as long 
as the operation by which they are excited is continued. A similar 
fiict takes place with respect to any other sonorous body, whose 
structure is not destroyed by the mode of excitation employed. 

602. Thoughfall bodies may, by some mode of excitation, be made 
to sound, there is a great difference among them in the intensity of 
the sounds which they produce during the operation, and in the per" 
manence of these sounds after the excitation has ceased. Thus if 
we strike two bells, one of lead and the other of brass, the sound of 
the lead is feeble and momentary compared with that of the brass. 
la the former, therefore, that action by which the body produces 
sound, is excited only in a small degree, and ceases with the excite- 
ment ; in the latter there is some power by which, when the action 
is once begun, it is continued for some time afterwards. By exam- 
ioiDg the characteristic diiference between these two classes of bodies, 



• From oxouw, to hear. 

t This section is taken chiefly from the Edinbtirgh Encyclopasdia, 
Art. Acoustics, 
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we may be enabled to discover what are the physical properties on 
which the production of sound depends, and what is their mode of 
action. This difference is found to depend on the iubtiance and 
form of the sounding bodies, and also upon tlie various external cir- 
cumstances in which they are placed* 

603. In comparing the properties of these substances, we shall 
find them distinguished from each other by the degree of vibration 
which they are capable of receiving, and by the length of time during 
which they can preserve a vibratory motion ; those substances which 
are most capable of vibration being most sonorous, and those which 
can longest maintain a state of vibration, also persevering longest in 
emitting sound. Bodies, though of the same substance, difier in 
these respects according as their form varies ; those forms which are 
most favorable to tlie production and continuance of a vibratory motion, 
being also most favorable to the production and permanence of sound. 
Thus, a hollow globe of brass is far less sonorous than the hemis- 
pheres which are made by dividing it into two equal parts, since the 
structure of a globe is such that the parts mutually support each other, 
like a continued arch, while the form of the hemispheres, which ap- 
proaches that of a bell, is peculiarly liable to a tremulous vibratory 
motion.* Indeed, when a body sounds powerfully, as a large bell, 
or the lowest string of a harpsichord, we can perceive that it actually 
vibrates ; and even in cases where the vibration is imperceptible to 
the naked eye, we may detect it by the microscope,<or by some other 
artifice. Thus, if we put some water into a glass tumbler or basin 
and make it- sound, by applying the moistened finger, as in Art. 601, 
the water will be agitated. If we hold the hand over the pipe of an 
organ, we shall feel a tremulous motion in the air passing through it. 
Such experiments may be extended to all solid bodies by placing 
upon them pieces of paper, or strewing them with fine sand. Hence, 

Vibrations^ in the sounding body, are the immediate cause qf sound. 

604. Whatever may be the remoter cause of sound, vibrations 
must be considered as the immediate cause, since they always pre- 



♦ Millington's Natural Philosophy, p. 123. 
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cede or accompany it, and since whatever affects the vibration of a 
body, produces a corresponding effect upon the qualities of the sounds 
which it emits, while those bodies whose sounds are similar, have 
something in common in their mode of vibration. 

605. All continued sounds, which remain in any degree uniform 
throughout their duration, are capable of being compared with each 
other in their degree of acuteness. When sounds are equally acute^ 
they are said to have the same pitch; but when they differ in acute- 
ness, that sound which is more shrill is said to be acute, or to have 
a higher pitch ; and that which is less shrill, is said to be grave, 
and to have a lower pitch, or a deeper tone. A difference in pitch 
forms the chief character by which musical sounds are distinguished 
from each other, and is the foundation of their use in music. In un- 
musical sounds, it generally holds a place subordinate to their other 
qualities. 

Musical sounds have occupied the attention of philosophers more 
than any other class of sounds. The superior precision with which 
the ear can estimate any variation in pitch, renders these sounds more 
easily compared ; and the vibration of the sonorous bodies which 
produce them, are, on account of their superior simplicity of form, 
more easily investigated.* 

606. Musical strings. — ^A musical string is of a uniform thick- 
ness, and is stretched between two points, by a force much greater 
than its weight. The stretching force is generally conceived as meas- 
ured by the weight, which would occasion an equal tension, on the sup- 
position that the string is made fast at one end and passes over a pul- 
ley at the other, the latter being loaded with weights. In the usual 
mode of exciting a musical string, it vibrates on each side of its qui- 
escent position, the extremities being the only points which remain 
at rest. The sound which the string gives in this mode of vibration 
IS called its fundamental sound. 

607. The pitch of the fundamental sound of musical strings, is 
found by experience to depend on three circumstances ; the length of 



* Ed. Encyc. Art. Acoustics, 
Vol. II. 8 
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the strbg, — its weight, or quantity of matter, — and it% temion. Th' 
tone becomes more acute as we increase the tension, or diminis 
either the length or the weight. The operation of these several 
cumstances may be seen in a common violin. The pitch of any 
of the strings is raised or lowered by turning the screw so as to 
crease or lessen its tension ; or, the tension remaining the same, higb- 
er or lower notes are produced by the isame strmg, by applying ttie 
fingers in such a manner as to shorten or lengthen the string wfaioli 
is vibrating ; or, both the tension and the length of the string remain- 
ing the same, the pitch is altered by making the string larger or 
smaller and thus increasing or diminishing its weight. 

608. The time of a double vibration, is the time occupied by a 
string in passing from a pomt to which it is stretched on one side to 
the opposite extreme, and returning to the same point again. It has 
been demonstrated, that the time of a double vibration, expressed in 
parts of a second of time, will be found by the following operation : 

Multiply the number of inches described by a falling body in a 
second of time, by the weight which is equal to the force of tension; 
and by this product divide the weight of two inches of the strings 
extract the square root of the quotient, and multiply the root thiiu 
found by the length of the string in inches ; the result wUl be (Ae 
time of a double vibration expressed in parts of a second of time. 
Or, algebraically thus : — Let L represent the length of the string 
in inches ; w, the weight of an inch of the string ; t, a weight equiv- 
alent to the force of tension ; g, the rate of a falling body =193; 
and T the time of a double vibration expressed in seconds. Then 

^ gt ^ 193^ 

609. As the distance of the string from its quiescent position, does 
not form an element of the algebraic expression, which is thus found 
for the time of a vibration, it follows that this time is independent of 
the distance. Hence, as in the pendulum. 

The vibrations of a string, fixed at both ends, are performed im 
equal times, whether the length of the vibrations be greater^ or 
smaller. 
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610. Upon ibis uniformity in the times of vibration depends the 
uniformity of tone; for if we employ a string of unequal thickness, 
VEid consequently one whose vibrations are performed in different 
times, the sound is confused and variable, and any other mode by 
which we destroy the isochronism, produces a similar effect. The 
same law has been found to extend to all other cases of musical 
sounds ; and, therefore, we may conclude, that isochronism in the 
nibraticns of sonorous bodies, is essential to their producing musical 
sounds. 

611. The number of vibration^ performed by a string in a second 
of tinie, being inversely as the time of one vibration, it is expressed by 
the reciprocal of the formula denoting the time ; so that if N repre- 
sents the number of vibrations, we shall have the following expres- 

sion : N= — -. 

The frequency of vibration which this equation gives, is found to 
agree very exactly with the result of experiments performed with 
strings, whose vibrations are so slow as to admit of being numbered. 

612. The relation between the number of vibrations performed by 
different strings, may be expressed by a more simple formula ; for 
g and the number 2 being both constant quantities, they may, in this 

case, be rejected, and we get the following expression : N « t y 

According, then, as we diminish the length of a string, and the weight 
of an inch of it, or increase its tension, we increase its frequency of 
vibration ; but equal changes in these circumstances do not produce 
equal effects. Thus, liTJu different strings their tension and the 
weight of an inch remain the saipe, their frequency of vibration will 

he inversely as their lengths; for then Ncc^. If we make the 

length one third, we triple the number of vibrations, and so for any 
other proportion. If the length and tension remain the same, 

Nfr®-/=", or the nuniber of vibrations is inversely as tlie square roots 

ke weigfUs : consequently a string four times as heavy as another 
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will vibrate Imlf as fast. The bass strings in ra«st instruments, 
have fine wire twisted round them to increase their quantity of naatter, 
otherwise greater length must be resorted to for the production of 
similar tones. If the length and the weight of equal portions be the 
same, then N cc x/t, or ihe frequency of vibration is as the square 
root of tension. Therefore, wc must give the string of a violin four 
times the tension in order to make it vibrate twice as fast. 

613. Wind instruments. — ^In wind instruments, a column of con- 
fined air itself is the vibrating body; and here the vibrations are lon- 
gitudinal instead of lateral, as is the case with strings. That it is 
really the air which is the sounding body in a flute, organ pipe, or 
other wind instrument, appears from the fact, that the materials, thick- 
ness, or other peculiarities of the pipe, are of no consequence. A 
pipe of paper and one of lead, glass, or wood, provided the dimen- 
sions are the same, produce, under similar circumstances, exactly the 
same tone as to pitch. If the qualities of the tones produced by dif- 
ferent pipes differ, this is to be attributed to the friction of the air 
within them, setting, in feeble vibration, their own proper materials.* 
The class of bodies vibrating longitudinally, is not only more diver- 
sified in its powers than the other classes of sounding bodies, but 
also more extensive in the range of substances whicB it comprehends. 
A uniform rod under any solid substance, or a column of air con- 
tained in a cylindrical tube, whose diameter is every where equal, 
may have its vibration limited at both extremities by an immovable 
obstacle ; or both extremities may be at liberty ; or one extremity 
may be confined and the other disengaged. 

614. A column of air, or a rod of any Abstance, whether con- 
fined or free at both extremities, performi(f..double vibration in the 
same time that a minute impulse would (^j^pji. when travelling in a 
medium of the substance through twice *tlie length of the sonorous 
body ; and a body fixed at one extremity only, v^ill occupy double 
that time. Hence, the number of vibrations perfofmed in a second 
of time by a given body, is the same, whether thatl)ody be fixed at 
both extremities, or free at both ; and therefore its sound in 

* Hcrschel. 
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two cases sboiild be the same. But if the body be fixed at one ex- 
tremity and free at the other, its length must be reduced to one half, 
to make it give the same lone as in the two former cases. Thus, if 
we blow into a tube closed at one extremity, it will give the same tone 
a» we procure by blowing into an open tube of double the length. 

615. The different pitch of bodies vibrating longitudinally, and 
free at both extremities, depends on four circumstances, viz. their 
elasticity, the temporary rale at which their elasticity is increased by 
condensation, their length, and their specific gravity, the tone of a 
body being more acute, according as the elasticity, and the rate of 
its increase by condensation, are greater, or the length and specific 
gravity less. The length of the sonorous body is almost exclusively 
rfie only one of these circumstances which we have completely in 
our power ; and with regard to ordinary wind instruments, and all 
musical instruments where common air is the vibrating body, tlie 
length is the circumstance of most importance, since the elasticity, 
rate of condensation, and specific gravity are then nearly constant 
quantities. The change of specific gravity, however, to which the 
air is subject in consequence of changes of temperature, materially 
affects the pitc^^f wind instruments. The frequency of vibration 
of a column of ™is found to be increased about 3*3, by an elevation 
of 30° Fahrenhoit* Thus, the tone of an organ has been found to 
be higher in summer than in winter ; and flutes and other wind in- 
struments become gradually more acute as the included air is heated 



itfrbe 



by thQ h^ph.'' 

616. Bells. — ^If a bell be struck by a clapper on the inside, the 
bell is made to vibrate. The base of the bell is a circle ; but it has 
been found that, by striking any part of the circle on the inside, that 
part flies out, so that the diameter which passes through this part of 
ihe base, will be longer than the other diameters. The base is 
changed by the blow into the figure of an ellipse, whose longer axis 
passes through the part against which the clapper is thrown. The 
elasticity of the bell restores the figure of the base, and again elon- 
ss - the bell in a direction opposite to the former ; and the two 
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elliptical figures thus alternate with each other, growing smaller and 
smaller, like the vibratioQs of a pendulum when the moving force is 
withdrawn, until the sound dies away. We may be Goovinced by 
our senses, that the parts of the bell are in a vibratory motion whQe it 
sounds. If we lay the hand gently upon it, we shall feel this tremu- 
lous motion, and even be able to stop it ; or if small pieces of paper 
be put upon the bell, its vibrations will set them in motion.* 

We may conceive the bell to be formed of an infinitude of rings, 
placed one above another from the base to the highest point* The 
rings situated nearer to the base, having a greater circumference, 
tend to perform their vibrations more slowly, while the rings nearer 
to the summit, whose circumferences are smaller, tend to produce 
vibrations oftener. These sounds will so coalesce as to produce a 
mixed sound, intermediate between those of the higher and lower 
rings.f 

Propagation of Sound. 

617. AiBis, in general, the medium of sound. A bell struck 
under the receiver of an air pump, gives a feebler and feebler sound 
as the exhaustion proceeds, until, when the rarefaction is carried to 
a certain extent, it emits no sound at all.| Hencq^n the summit of 
high mountains, where the air is naturally rare, sound ought to be 
weaker than at the general level of the earth ; and such is found to 
be the fact. Saussure relates that upon the top of Mount Blanc, the 
firing of a pistol made a report no louder than that of a fluid's toy- 
gun. A fact mentioned by travellers in Alpine countries, ii" explained 
on this principle. They see distinctiy isi huntsman on a neighboring 
eminence, and observe the flashes of his gun, but can scarcely hear 
the report, even when comparatively near them.^ 

Yet meteoric bodies are said to give a distinct rumbling sound m 
passing through the air at the height of fifty miles, an altitude at 
which the air is rarefied to a degree exceeding the vacuum of the 



• Hatty's Nat Phil. I, 203 ; Partington's Manual I, 267. 

t Hatty's Nat. Phil. I, 306. 

X Herschel in Encyc. Metrop. II, 747. 

$ Partington, I, 263. 
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air pomp. Dr. Hallej mendons ao instance of a roeleor, whose ele- 
Tatkm was at least sixty nine miles, exploding with a sound equal to 
** the report of a very great cannon, or broad side." Probably, how- 
ever, these sounds do not emanate from the meteor itself, but from 
fragments projected from it, which fall through the air to the ground. 
If the ** rumbling sound" above mentioned, proceeds from the body 
of the meteor, it is necessary to suppose that the air is condensed 
before it to a great extent. On the other hand, when the elasticity 
of the air is augmented, either by condensation or heat, the force of 
sound is considerably increased. This effect has been experienced 
in the condensed air of diving bells. 

618. But what is the change wrought in the air by sounding 
bodies? Let us take, for example, a cord of a stringed instrument, 
and suppose it struck as when played upon ; immediately all the 
points of that string will deviate more or less from the posiuon which 
they occupied when the string was at rest, according as they are 
more or less distant from the points where the string is 6xed ; and 
the string will go and return alternately on this side, and on that side 
of its first situation, by a vibratory motion occasioned by its elasticity. 
The particles of y:, contiguous to the different points of the string, 
assume motions similar to those of the respective points, that is, they 
move backwards and forwards with them. Each particle communi- 
cates motion to that which is next to it, that to a third, and so on, 
until the particles of air are reached which are in contact with the 
tympanum, or drum of the ear. The air then acts upon that mem- 
brane, by commqpucating to it its own vibrations, which the drum 
transmits to the iiuditory nerve ; and thence results the sensation of 
sound.* The agency of air, therefore, as the medium of sound, 
may be briefly expressed thus : 

Air receives from sounding bodies tnbrations, which it communi- 
taUs to tfte organs of hearing. 

* Hatty, I, 203. It is evident from the mechanical concussion at- 
tending loud noises, that sound consists in a motion of the air itself 
eommanicated along it by virtue of its elasticity, as a tremor runs 
along a stretched rope. — Hersckel on Sound, 
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619. In an open space, and in a serene atmosphere, sound is pro- 
pagated from the sounding body in all directions. Sounds, even the 
most powerful, when thus transmitted freely through the air, dioainish 
rapidly in force, as they depart from their sources, and within mod* 
erate distances wholly die away. What law this diminution follows, 
is not yet ascertained ; and is, indeed, in the present state of Acous- 
tics, incapable of determination. Some writers have supposed that 
sound follows the common law of emanations radiating from a cen- 
ter, (Art. 11.) and, consequently, that its intensity at different dis- 
tances from its source varies inversely as the square of the distance ;* 
but we can estimate the force of sounds by the ear alone ; an instru- 
ment of comparison whose decisions on this point vary with the bodi- 
ly state of the observer, and whose scale expresses no definite rela- 
tion but that of equality. 

620. Though sound has in general, at its origin, a tendency to 
diffuse itself in all directions, it is sometimes more propagated in one 
direction than in others. A cannon seems much louder to those 
who stand immediately before it, than to those who are placed be- 
hind it. The same fact is illustrated by the speaking trumpet ; the 
person towards whom the instrument is directed, hears distinctly the 
words spoken through it, while those who are situated a little to one 
side, hardly perceive any sound. 

621. Sound is in a great measure intAcepted by the intervention 
of any solid obstacle between the hearer and the sonorous body. 
Thus, if while a bell is sounding, houses intervepe between us and 
the bell, we hear it sound but faintly, compared wilb what we hear 
after we have turned the corner of the building. From this fact 
sound would seem to be propagated in straight lines. If, however, 
we speak through a tube, the voice will be wholly confined by the 
tube, and will follow its windings however tortuous ; he^e we infer 
that sound is propagated not in right lines like radiant substances as 
heat and light, but in undulations, after the manner of waves, such 
as follow when a stone is thrown into still water. 



* Millington's N. Phil. p. 125. Epit. — Herschel on Sound, Epcyc. 
Metropol. XL 773. 
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621. Though air is the most commoD medicrm of sound, yet it is 
not the only medium. Various other bodies, both solid and fluid, 
are excellent conductors of sound ; and the fainter sound of the beU 
when buildings intervene, as in the case supposed, (Art. 621.) arises 
from the fact, that sound passes unth difficulty from one medium into 
another. 

622. If a log of wood is scratched with a pin at one extremity, a 
person who applies his ear to the other extremity will hear the sound 
distinctly f and when a long pole of wood is applied at one end to 
the teeth, the ticking of a watch may be heard at the other end, at a 
much greater distance, than when there is no medium of commmii-' 
cation but the air. The motion of a troop of cavalry is heard at a 
great distance by applying the ear close to the ground, and it is well 
inown that dogs by this method first discover the approach of a 
stranger. 

623. The VELOCITY of sound is progressive. Thus when a gun 
is fired at a distance from us, we perceive the flash some time 
before we hear the report. Thunder follows the lightning at a per- 
ceptible interval, although they are known to be cotemporaneous 
events. If a gun be fired at a certain known distance, and we ob* 
serve the interval between the flash and the report, we may obtain 
the rate at which sound passes, that is, the velocity of sound. Many 
years since. Dr. Derham made a number of accurate and diversified 
experiments on this subject, and fixed the velocity of sound at 1142 
leet per second. The mean of a great number of experiments give 
the average velocity of 1 130 feet per second ; but the velocity as de* 
termined by Derham, namely, 1142 feet per second, is that which 
has been generally admitted as the standard. Since, however, the 
transmission of sound depends on the elasticity of the medium, (Art. 
616.) causes which affect the elasticity, likewise affect the velocity of 
sound. Thus, the velocity is a litde greater in warm than in cold 
air, and consequently is somewhat influenced by climate.* M. Gol- 
diDgbam, by a series of experiments made at Madras, found that the 
velocity of soimd was affected even by the seasons of the year, in- 
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ore^siBfj regularly from the coldest to the hottest months, and after- 
wards regularly decreasing. Hence, for every degree of Fahren- 
heit's thermometer 1.14 feet is allowed for the velocity of sound per 
second. A similar gradation in the velocity of sound at difierent 
s^Mpos of the year, was observed by Capt. Parry in his ezperimeBts 
on sound within the frigid zone.^ 

624. Sound moves with a uniform velocity; that is, i( passes over 
Qqiial spaces in equal times. This important fact was first ascertained 
hy Perham, who found that it held good whether the sound were siroag 
or feeble, whether it proceeded from a hammer or a cannon : in 
short, that neither the strength nor the origin of the sound made any 
difference. M. Biot caused several airs to be played on a flute at 
the end of an iron pipe 3120 feet long, and the notes were distinctly 
heard by him at the other end, without the slightest derangement in 
the order or quality of the sounds. 

625. The velocity of sound, however, when transmitted through 
the air, is slightly influenced by the strength and direction of the 
wind* Dr. Derham found that when the wind is blowing in the di-^ 
rection of the sound, its velocity must be added to the standard ve- 
locity of sound, and must be subtracted from it when opposed to it.f 
A transverse wind does not afiect the velocity of sound in the slight- 
est degree. 

626. Several distinguished philosophers, both of France and Hol- 
land, have recently made experiments on the velocity of sound under 
circumstances the most favorable to the attainment of accurate re- 
sults. A difliculty experienced by the earlier experimenters, as Der- 



• Phil. Trans. 1828, p. 97. 

t {fa -stone be thrown into a still lake, the waves spread with equ^ 
rapidity in all directions, in circles whose center is the stone. If into 
a running river, still they form circles, but their center is carried 
down the stream ; and, in point of fact, the wave arrives opposite to 
the point of the bank above the place where the stone fell, later than 
at a point at the same distance below it in proportion to the rapidity 
of the stream. — Herschel on Sound, 
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ham, arose from the want of a method of measuring a small fraction 
of a second, and yet this was necessary where a variation of one hun* 
dredth part of a second makes a difference of more than eleven feet 
in the result. The Dutch experimenters* employed a clock with a 
conical pendulum, capable of determining intervals to the hundredth 
of a second, by suddenly suspending the motion of the index without 
stopping the clock. In the French experiments a kind of watch was 
Qsed, one of whose hands performed a revolution in a second, and 
could be made to touch with its extremity the dial plate, at any iilr- 
stant, and leave there a dot, without interrupting its motion of rota- 
tion, by the sudden pressure of a small lever ; to effect whidt'tt' int^ 
ried with it a drop of printer's ink in a peculiar and ingenious sp^dCJs 
of dotting pen. By the use of these instruments, it was found prac- 
ticable to ascertain the interval between the sight of a flash, and the 
arrival of the report of a gun, with such precision as to destroy aM 
material error in the result which might arise from this cause. Ac- 
cordingly, their results afforded a striking agreement, — ^ihe experi- 
ments of the French gave for the velocity of sound, per second, 
1086.1 feet : those of the Dutch, 1089.42, both considering the ahr at 
the temperature of freezing water. But it is found that the velocity 
is increased 1.14 feet for every degree of Fahrenheit ; consequently, 
reducing the estimate to the temperature of 62 J^, (which is the 
standard temperature of the British metrical system,) the velocity 
becomes 1124.19, as determined by the Dutch experimenters, which 
is deemed the most accurate result hitherto obtained. It may, there- 
fisre, be stated in round numbers, that sound passes through air at 
the rate of nine thousand feet in eight seconds, or twelve miles and 
Aree fourths per minute, or seven hundred and sixty five miles an 
hour, which is about three fourths of the diurnal velocity of the earth's 
equator. Hence, in latitude 42 J^ if a gun were fired at the moment 
a star passes the meridian of any station, the sound would reach any 
other station exactly west of it at the precise instant of the same 
liar's arriving on its meridian ; that is, it would keep pace with the 
velocity of the earth at that place, as it turns qn its axis, in the di- 
urnal revolution.f 

* Moll, Vanbeck, dtc. 

t Hersehel on Sound, in Encyc. Metrop. II, 751. 
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627. From a knowledge of the velocity of sound, the distanet of 
a sounding body may be estimated. Tbus if the interval between 
seeing a flash of lightning, and hearing the thunder be six secondsi 
the distance of the cloud is 6 x 1 142=6852 feet, or I^'t miles. 

626. The air is a better conductor of sound token humid ihm^ 
Vfhen dry. Thus, a bell is heard better just before a rain ; and tbb 
fact lends some countenance to an opinion of the ancients, that sound 
is heard better by night than by day. Humboldt was particularly 
struck with this fact, when he heard the noise of the great cataracts 
of Orinoco, which he describes as three times greater in the night 
than in the day.* 

629. The distance to which sound may be heard, will of coune 
vary with its force and various other circumstances which are inca- 
pable of being reduced to an exact law. Volcanoes, in South 
America, have sometimes been heard at the distance of three bun* 
dred miles; and naval engagements have been heard at the distance of 
two hundred miles. The unassisted human voice has been heard 
from Old to New Gibraltar, a distance of ten or twelve miles, the 
watch word AWs Well given at the fomer place being heard at the 
latter. Sounds are heard to a much greater distance over water than 
over land, and farther on smooth than on rough surfaces. 

"630. Liquids are good conductors of sound. Indeed, sound is 
conveyjed with far greater velocity in water than in air, and this too 
ID consequence of its greater elasticity ; (Art. 615.) for, since water 
has been (bund, by Perkins and others, capable of compression mod 
of restoring -itself when the compressing force is removed, it is 19 
be accounted not only elastic, but as exceeding aeriform bodies is 
elasticity in proportion as the force required to compress it is greater. 
Dr. Franklin, having plunged his bead below water, caused a person 
to strike two stones together beneath the surface, and heard the sound 

* Humboldt, however, accounts for the greater audibility of sounds 
by night than by day, from the absence of those ascending and de» 
scending currents of air which, while the sun is shining, impair the 
imiformity of the medium, and thus diminish its conducting powers. 
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distinctly at the distnnce of more than half a mile. By simiiar ex- 
periments, it has heen ascertained, that, though water is a much hot- 
ter conductor of sound than air, yet the sound is greatly enfeebled 
by passing out of one medium into the other. The most accurate 
experiments on this subject, are those made in the year 1626 by M. 
CoUadon, in the Lake of Geneva. He caused a bell to be rung 
under water, and found thai akhough the sound of the blow was well 
heard in the air directly above the bell, yet the intensity of the sound 
diminished very rapidly as the observer removed from its immediate 
neighborhood, and at the distance of two or three hundred yards, it 
could no longer be heard at all.* To conduct the sound from the 
water to the ear, a tin pipe was employed, which was plunged into the 
water, and the ear brought close to the upper end. By this contri- 
wzQce he was enabled to hear the strokes of the bell in water, at 
the distance of about nine miles. The velocity of sound under 
water, M. Coliadon found to be four thousand seven hundred and 
«igbt feet, or nearly a mile, per second. f 

631. Solid substances convey sound with various degrees cffaeUi' 
ijff but in general much better than air^ and as well or even better than 
fnUds. By placing the ear against a long dry brick wall, and caus- 
ing a person at a considerable distance to strike it once with a ham* 
mer, the soimd will be heard twice^ because the wall will convey it 
with greater rapidity than the air, though each will bring it to the 
-ear.} The rate at which cast iron conducts sound, was ascertained 
hf M. Biot in the following manner. He availed himself of the 
kjriDg of a series of iron pipes to convey water to Paris. The pipes 
were about eight ieet in length, and were connected togethelr with 
mill leaden rings. A bell being suspended within the cavity, at 
«oe iend of the train of pipes, on striking the clapper at the same 
joatant against ihe side of the bell, and against the inside of the pipe, 

* It is inferred from this experiment, that sonnd is reflected by the 
9Bme laws as light : when the direction is perpendicular to the reflect- 
iof mrface, (in this case, the surface of the water,) it passes without 
aaiiMBtion ; but the quantity reflected increases, as the angle of refiez- 
lott Is more oblique. 

t HeracbeL % Millington, p. 12&. 
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two distinct sounds successively were heard by an observer 
at the other extremity. With a train of iron pipes two thousand five 
hundred and fifty feet, or nearly half a mile in length, the mterval be- 
tween the two sounds was found from a mean of two hundred trial^^ to 
be 1.79 seconds. But the transmission of sound through the interoat 
column of air, would have taken 2.2 seconds ; which shows that the 
sound occupied only .41 of a second in passing through the metaL 
From more direct trials, it was concluded that the exact interval of 
time, during which the sound performed its passage through the sdb- 
ttance of the train of pipes, amounted to only the .26 of a second^ 
sbowbg that iron conducts sound about ten times as rapidly as air 
does.* 

632. If a string be tied to to a common fire shovel, and the two 
ends of the string be wound around the fore fingers of each hand, 
and the fingers be placed in the ears, on striking the bottom of the 
shovel against an andiron or other solid body, very deep, and heavy 
tones will be heard, and the vibrations of the metal will be clearly 
perceived. 

633. Solids, as well as other bodies, owe their power of conduct- 
ing sound to their elasticity. By elasticity in a solid, however,: is not 
meant, a power of undergoing great extensions and compressions^ 



* Herschel observes, that from this determination we may estimate 
Ihe time it requires to transmit force, (whether by pulling, pushing^ 
or by a blow,) to any distance, by means of iron bars or chains. For 
every eleven thousand and ninety feet of distance {=* the velocity of 
sound per second in iron,) the pull, push, or blow will reach its point 
of action, one second after the moment of its first emanation from 
the first mover. In all moderate distances, then, the interval is utterly 
insensible. But, were the sun and the earth connected by an iroif 
bar, no less than one thousand and seventy four days, or nearly three 
years, must elapse before a force applied at the siin could reach the 
earth. The force actually exerted by their mutual gravity may be 
proved to require no appreciable time for its transmission. How 
wonderful is this connexion ! — Herschel on Sounds Encyc. Mefrop, 
n, 773. 
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after the maoner of air, or India-rubber, and returning readity to its 
former dimensions ; but rather what is commonly called hardness^ 
in conlra-distinciion to toughness, a violent resistance to the displace- 
ment of its molecules inter se in all directions. Thus the hardest 
solids are, in general, the most elastic, as glass, steel, and the 
hard brittle alloys of copper and tin, and in proportion as they are 
elastic, they are adapted to the free propagation of sound through 
their substance. But an important condition in their constitution is, 
that their substance be homogencousj and their structure uniform. 
By the want of homogeneity and uniformity in the conducting me- 
dium, the sonorous pulses are every instant changing their medium, 
and the general wave is broken up into a muhitude of non-coincident 
waves, emanating from different origins, and crossing and interfering 
with each other in all directions. Thus, a glass vessel contaning an 
effervescing liquor, cannot be made to ring, but gives a dead sound ; 
but as the effervescence subsides, the tone becomes clearer, and 
when the liquid is perfectly tranquil, the glass rings as usual.* 

634. The great power of solid bodies to conduct sound is exem- 
plified in earthquakes, which are heard almost simultaneously in very 
distant parts of the earth. Musical boxes sound much louder when 
placed on a table or some solid support, than when the air affords the 
only conducting medium. It is easy to ascertain whether a kettle 
boils, by putting one end of a stick or poker on the lid, and the other 
end to the ear : the bubbling of the water, when it boils, appears 
louder than the rattling of a carriage in the streets. A slight blow 
given to the poker, of which the end is held to the ear, produces a 
sound which is even painfully loud.f 

635. A physician of Paris introduced into medical practice an in- 
strument, depending on the power of solid bodies to conduct sound, 
called the stethoscope^'^ the object of which is to render audible the 
action of the heart and the neighboring organs. It consists of a 



* Herschel. 

t Amott's El. Phys. I, 497. 

J (f^^%y ike chest y (fxoflrsw, to examine. 



72 ACOUSTICft. 

wooden cyl'mder, one end of which is applied firmly to the breasf, 
while the other end is brought to the ear. By this means, the pro- 
cesses that are going on in the organs of respiration, and in the kifge 
blood vessel about the heart, may be distinctly heard ; and it is said 
that the stethoscope, when skillfully used, " becomes the means of 
ascertaining some diseases in the chest, almost as e&ctually as if 
there were convenient windows for visual inspection."* 

636. Chladni and Jacquin, of Vienna, a few years since, made 
some experiments with a view to determine the sonorous properties 
of difierent gases .f A vessel being exhausted of common air and 
furnished with a bell, various gases were successively introduced and 
their effects on the sound of ttie bell noted. A mixture of nitrogen 
and oxygen gases in the sctme proportions as that in which tbey form 
atmospheric air, gave the same sound as air ; but when mixed in dif- 
ferent proportions, the sound was varied accordingly. Pure oxygen 
gas gave sounds from nine to eleven tones higher than common air; 
in carbonic acid gas, the tones were lower ; but in hydrogen, the 
tones are much more acute. ( 

Reflexion of Sound. 

637. Sounds are reflected by hard bodies, producing the well 
known phenomenon called an echo. If a straight line be drawn 
from the sounding body to the reflecting surface representing the 
course of the sound before reflexion, and another straight line be 
drawn from the reflecting surface, in the direction of the sound after 
reflexion, these two lines will make equal angles with that surface ; 
that is, when sound is reflected, the angle of reflexion is equal to tig 
angle of incidence. 

638. The surfaces of various bodies, solids as well as fluids, 
have been found capable of reflecting sounds, viz. the sides of hiDs, 
houses, rocks, banks of earth, the large trunks of trees, the surface 
of water, especially at the bottom of a well, and sometimes even the 

* Dr. Arnott. t Hatty's Nat. Phil. I, 308,— iVbfc. 

X Arnott, I, 495. 
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clouds.* It is therefore evident that in an extensive plain, or at sea, 
where there is no elevated hody capable of reflecting sounds, no 
echo can be heard. It is hence easy to see why the poets, who con- 
vert Echo into an animated being, place her habitation near moun- 
tains, rocks, and woods.f 

639. An echo is heard when a person stands in a position to hear 
both the original and the reflected sound ; and the interval will be 
greater or less according to the distance of the reflecting surface 
from the sounding body and from the hearer, and hence the interval 
may be made a measure of the distance. If the sound of the voice 
returns to the speaker in two seconds, the distance of the reflecting 
surface is one thousand one hundred and forty two feet, and in that 
proportion for other intervals. Thus, the breadth of a river may be 
ascertained when there is an echoing rock on the farther shore. A 
perpendicular mountain's side, or lofty clifl!s, such as frequently skirt 
the sea coast, sometimes return an echo of the discharge of artillery, 
or of a clap of thunder, to the distance of many miles.f The num- 
ber of syllables that can be pronounced in half the interval, will be 
repeated distinctly ; but a greater number would be blended with 
the commencement of the echo.<§ 

640. When a single obstacle reflects the sound, the echo is sim- 
ple; when there are several obstacles disposed at suitable distances, 
the echo is complex. Echoes of the latter kind have been observed 
which repeated the original sound forty times. [| Two parallel walls 
which mutually reverberate the sound, may produce a double or 
complex echo, with regard to an auditor placed in the intermediate 
qwce. The sound of artillery and of thunder, is frequently prolong- 
ed by reverberations in an uneven country. 

641. The furniture of a room, especially the softer kind, such 
as curtains or carpets, impair the qualities of sound by presenting 
surfaces unfavorable to vibrations. A crowded audience has a sim- 
ilar effect and increases the difficulty of speaking. Halls for music 



• Cavallo, II, 345. t HaQy. t Arnott. 

^ CavaDo, II, 347. | Haay. 
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or declamation, should be constructed with plain bare walls. Alcores, 
recesses, and vauhed ceilings produce reverberations which often 
greatly impair the distinctness of elocution. Indeed the qualities of 
a room, in regard to sound, are modified by so many circumstances,* 
that the science of acoustics is worthy of more attention from the 
architect than it has generally received. Plane and smooth surfaces 
reflect sound without dispersing it, convex surfaces disperse it, and 
concave surfaces collect it. The concentration of sound by concave 
surfaces, produces many curious effects both in nature and wL 
There are remarkable situations where the sound from a cascade is 
concentrated by the surface of a neighboring cave, so completely, 
that a person accidentally bringing his ear into the focus, is astound- 
ed by a deafening noise. Sound issuing from the center of a circle 
is, by reflexion, returned to the center again, producing a very pow- 
erful echo.f Such effects are observed in the central parts of a cir* 
cular hall. An elliptical apartment conveys sound very perfectly 
from one focus to the other. A whisper uttered by a person in one 
focus of such a chamber, will be audible to a person in the other 
focus, though not heard by persons between. 

642. Whispering GaZZene^J are constructed on this principle. 
Domes,' as that of St. Paul's Cathedral, in London, sometimes ex- 



* The famous Dr. Saimderson, formerly Professor of Matbematica 
in the University of Cambridge, who had been blind from the time he 
was a year old, possessed such acuteness of hearing, that he not only 
distinguished persons with whom he had ever once conversed so long 
as to ^x in his memory the sound of their voice, but he could also 
recognize places by observing the manner in which they modified 
sound. He could judge acctJrately of the size of a room, and of hhi 
distance from the wall ; and if ever he had walked over a pavement 
in courts, or piazzas, and was conducted thither again, he could tell 
his exact situation, by the note which the place sounded. 

t If a spherical room could be constructed of perfectly solid mate- 
rials, perfectly polished, and a sound were to issue from the voice of 
a person in the center, there would be an accumulation of echo at the 
center, which would probably be destructive of the organs of hearing. 
— Latrobe in Ed. Encyc, 

X The Hall of Secrets, as it is called, in the Observatory at Paris, 
is a whispering gallery. This hall is of an octagonal form, with 
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hibit the same curious property.* Concave surfaces facing each 
other, as two alcoves in a garden, or covered recesses on opposite 
sides of a street or bridge, will enable persons seated in their foci to 
converse by whispers, notwithstanding louder noises in the space be- 
tween, and without themselves being overheard in that space. f A 
notorious instance of a sound-collecting surface, was the ear of Dio^ 
nysiusy in the dungeons of Syracuse. The roof of the prison waa 
so formed as to collect the words, and even whispers of the unhappy 
prisoners, and to direct them along a hidden conduit to the place 
where the tyrant sat listening. The wide spread sail of a ship, reiH 
dered concave by a gentle breeze, is also a good collector of sound. 
Dr. Amott| relates an instance where the ringing of the bells at St. 
Salvador on the coast of Brazil, was heard on board a ship at the dis- 
tance of one hundred miles from land. 

643. The most frequent instances of the reflexion of sound, are 
from surfaces which may be considered as plane. In these, the 
sound issuing from any point seems, after reflexion, to proceed from 
a point equally distant, and similarly situated, on the other side of 
the reflecting surface ; the phenomena diflering a little according to 
the position of the speaker, with respect to the body which occasions 
the reflexion. If a person's voice strike any surface perpendicular- 
ly, it will be reflected back in the same line ; and the time occupied 
between the utterance of the sound, and its arrival again at the 
speaker, will be equal to the time in which the sound travels through 
twice the distance between the speaker and the reflecting surface. 
The interval, therefore, between setting out and returning will be 
Ibuod by the following rule. Let a'=the intervals in seconds, and 
ilastwice the distance from the sounding body to the reflecting sur- 

d 
iace; then I : 1142: la? : d •'•^^TTTo- ^m therefore, the distance 



cloister arches, or arched by portions of a cylinder, which meet at 
angles, corresponding to those formed by the sides of the building. 
The speaker applies his mouth very near to the wall to one of the 
angles, and the person situated at the opposite angle hears his voice 
distinctly. 

« Cayallo. t Arnott t ^l* P^ys. I, 605. 
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is less than forty eight feet, the interval of time between the speak- 
er's hearing the direct and the reflected sounds, will be less than t't 
of a second, and the two sounds will seem to coalesce and form but 
one sound ; but if the distance exceeds forty eight feet, then the 
interval will be greater than y^^ of a second, and as this interval can 
be discerned by the ear, the two sounds will be separate, and will 
form an echo."" 

644. The rolling of thunder has been attributed to echoes amoog 
the clouds ; and that such is the case has been ascertained by dired 
observation on the sound of cannon. Under a perfecdy clear sky, 
the explosion of guns is heard single and sharp, while, when the sky 
is overcast, or when a large cloud comes over head, the reports are 
accompanied by a continued roll, like tliunder, and occasionally a 
double report arises from a single shot.f 

645. The continued sound of distant thunder, which is sometimes 
prolonged for many seconds, is not always owing to reverberation, but 
frequently arises simply from the different distances of the same flash. 
Although the progress of a flash of lightning through the air were 
absolutely instantaneous, still, if its path were in a line that would car- 
ry it farther from the ear in one place than in another, there would 
be a corresponding diflerence in the times at which the sound gene- 
rated in different portions of the path would reach the ear. Herschel 
observes, that if (as is almost always the case) the flash be zigzag, 
and composed of broken rectilinear and curvilinear portions, some 
concave, some convex to the ^eai^; and especially, if the principal 
trunk separates into many branches, each breaking its own way through 
the air, and each becoming a separate source of thunder, all the vari-^ 
eties of that awful sound are easily accounted for.| 

646. The Speaking Trumpet has been supposed by most writers 
on sound, to owe its peculiar properties, to its multiplying sound by nu- 
merous reflexions. Hence is suggested the form of a parabolic conoid, 
or a tube, the section of which is a parabola, the place of the mouth 

* Edinburgh En eye. Art. Acoustics. f HerscheL 

X Herschel on Sounds Encyc. Metrop. II, 754. 
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being at the focus of the parabola. The vibrations emanating from the 
mouth would then be reflected into straight lines parallel with the 
axis of the trumpet, and would thus go forward in a collected body 
to a distant point.* And, since such a form is also favorable for 
collecting distinct sounds into one point, the same figure is proposed 
as most suitable for the Ear Trumpet. But the sound of these instru- 
ments may be regarded as merely the longitudinal vibration (Art. 
613.) of a body of air, to which momentum is given in the direction 
of the axis, not by reflexion from the sides but by the direct impulse 
of the mouth.f The ancients were acquainted with the speaking 
trumpet. Alexander the Great is said to have had a horn, by means 
of which he could give orders to his whole army at once.| 

647. Sound may be conveyed to a much greater distance by be- 
ing confined, during its whole transmission, within a pipe. Pipes 
used for this purpose are called Acoustic Tubes. Such tubes are fre- 
quently employed in public houses for conveying orders to the atten- 
dants. Dr. Herschel employed a similar tube attached to bis forty 
feet telescope, for communicating his observations to an assistant, 
who sat in a small house near the instrument ; and thus, under cover, 
noted them down,> and the particular time in which they were made. 
Aeoustic tubes are cdmmonly of a cylindrical form, and have at each 
extremity a mouth-pipe like that of a speaking trumpet, to which 
either the mouth or ear is applied, according as the person is speak- 
ing or listening to another. In the deception called the InvtsibU CUrl^ 
Ae sound of the voice is transmitted and returned through acoustic 
tubes. 

'^848. Ventriloquism does not, as is frequendy supposed, depend 
OD the reflexion of sound, but wholly on the inaccuracy with which 
the ear judges of the direction from which sound proceeds; enabling 
the performer by a variation of his tone of voice, and by seeming not 
fo move his lips, to persuade the spectators that the soirad proceeds 
from some object to which he has diverted their attention. The imi- 
tations of different sounds by which the ventriloquist is able to perso- 



• Dr. Young, Nat. Phil. I, 376. 

t Ed. Encyc. II, 118. t Enfield's Sdent Rec. p. 167. 
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Date a variety of characters, and to represent them as engaged in an 
animated dialogue with each other, are usually limited to a compara* 
tively small number, which have been acquired and rendered very 
familiar by long practice. Hence, like the performer on a musical 
instrument, he makes his transitions from one sound to another with 
a facility which can be acquired only by the force of habit. 

649. Sounding Boards were formerly constructed over the desks 
of public speakers, particularly in churches, with the view of aiding 
the powers of the voice. Their efficacy depended on the reflexioo 
of the sound ; for, being near the speaker, the echo or reflected 
sound, unitmg itself with the direct sound, would augment its force or 
loudness. In stringed instruments, however, as the violin, the sound- 
ing board acts by receiving vibrations from the string. Thus by im- 
pelling the air with a greater surface, it produces a more powerfbl 
sound than the string alone. Hence, if some weight (called a mtite,) 
as a penknife partly open, be attached to the bridge of a viofin, the 
sound is greatly deadened, the vibrations of the string being thus pre- 
vented from extending to the sounding board.* 

650. The concave, undulating, and perfectly polished surface of 
many sea shells, fits them to catch, to concentrate, and to return the 
pulses of all sounds that happen to be trembling about them, so as to 
produce that curious resonance from within, which resembles tbe dis- 
tant murmur of the ocean.f The organs of speech and of bearing 
have a mechanical structure most skilfully adapted to the peculiar 
nature of sound. 

The human voice depends prlDcipally on the vibrations of the mem- 
bnmes of tbe gloiiis^ excited by a current of air which they altemaflp 
ly interrupt and suffer to pass; the sounds being also modified in thdr 
subsequent progress through the mouth.| 

651. The parts of the ear, and the progress of sound to the senti- 
ent nerve, may be simply described as follows. 



* Ed. Encyc. II, 119. t Arnott. 

X Youn^^s Lectures, I, 401. 
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(1.) There is externally a wide mouth- Fig. 117. 

ed tube or ear trumpet a for catching and 
concentrating the pulses of sound. In 
many animals it is movable, so that they 
can direct it to the place from which the 
sound comes. 

(2.) The sound concentrated at the bottom of the ear-tube, falls 
upon a membrane stretched like the top of an ordinary drum, over 
the tympanum or drum of the ear, b, and causes it to vibrate. That 
its motion may be free, the air contained within the drum has 
free communication with the external air by the open passage/, call- 
ed the Etistachian iube^ leading to the back of the mouth. A de- 
gree of deafness ensues when this tube is obstructed by wax. 

(3.) The vibrations of the tympanum are conveyed further inwards 
by a chain of four bones, (not here represented on account of their 
minuteness) reaching from the centre of the tympanum to the oval 
door or window of the labyrinth e, 

(4.) The labyrinth, or complex inner compartment of the ear, 
over which tlie nerve of hearing is spread as a lining, is full of water; 
and therefore, when the vibrations of the tympanum acting through 
the chain of bones (3.) are communicated to this fluid, they are in- 
stantly felt over the whole cavity (Art. 446.) The labyrinth consists 
of the vestibule e, the three semicircular canals c, imbedded in the 
hard bone, and of a winding cavity d called the cochlea, like that of a 
snail shell, in which fibres, stretched across like harp-strings, consti- 
tute the lyra. The exact uses of these various parts are not yet 
perfectly known. The membrane of the tympanum may be pierced, 
the chain of bones may be broken, without loss of hearing.^ 



« 



Philosophical Principles of Music, 



652. On this subject, we have room for only a few leading prin- 
ciples. 

When separate sounds are repeated with a certain degree of fre- 
quency, the ear loses the power of distinguishing the intervals, and 



• I>r. Arnott, El. Phys. Vol. I, p. 507. 
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they appear united in one continued sound. By this means also 
sounds harsb and dissonant in themselves, form a soft and agreeable 
tone. Any sound whatever repeated not less than thirty or forty 
times in a second, exqjtes in the hearer the sensation of a musical 
note. Nothing is more unlike a musical sound than that of a quill 
drami slowly across the teeth of a coarse comb ; but when the quill 
is applied to the teeth of a wheel whirling at such a rate that 730 
teetli pass under the quill in a second, a very soft, clear note is 
heard.* In like manner the vibrations of a long harp-string, while 
it is very slack, are separately visible, and the pulses produced by it 
in the air are separately audible ; but as it is gradually tightened, its 
vibrations quicken, and the eye soon sees, when it is moving, only a 
broad shadowy plane ; the distinct sounds which the ear lately per- 
ceived, run together, owing to the shortness of the intervals, and are 
heard as one uniform continued tone, which constitutes the note or 
sound proper to the string.f 

Nature presents us with numerous examples of a musical sound 
produced by the rapid succession of an individual sound, not at all 
musical in itself. The hum of winged insects, produced by the fre- 
quent motion of their wings, the murmur of a forest occasioned by 
the agitation of the leaves and boughs, and the sublime roar of the 
ocean constituted of the separate sounds produced by innumerable 
waves, are familiar examples of the operation of this principle. 

653. Musical intervalsj or sounds differing from each other in 
pitch by a certain interval, are found by experience to be peculiarly 
agreeable to the human ear, a fact for which we can assign no reason 
except that such is the constitution of the mind.| Birds may some- 
times exhibit a fine voice ; but iheir singing is not musical, hay^^ 
nothing to do with rausicaj intervals.^ 

Musical sounds have certain ratios to one another, and are thus 
brought into the province of Mathematics, because the number of vi* 
brations which produce one musical note, has a constant ratio to the 
number which produces another musical note. Thus, if we dimin- 



* Robison's Mech. Phil. IV, 404. t Arnott. 
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nh the length of a musical string one half, we double the number of 
its vibrations in a given time, (Art. 612.) and it gives a sound eight 
notes higher in the scale than that given by the whole string. There- 
fore, these sounds are represented by the numbers 2 and 1, and are 
said to be in the ratio of 2 to 1. The upper note is said to be the 
octave of the lower ; and from its great resemblance to the funda^ 
mental note, or that afibrded by the whole string, it is considered as 
the commencement of a repetition of the same series ; so that all au- 
dible sounds are considered as repetitions of a series contained with- 
in the interval of an octave.* 

664. The length of the entire string being called 1 , the respective 
lengths of the strings which sound the eight notes, are, i, i, h ^9 h 
y'j, ^. The sound given by the whole string, which is denoted by 1, 
is called the key note, and the other notes are called, respectively, the 
second, third, fourth, fifth, sixth, seventh, and eighth, and the fractions 
denote the relation of each note in the scale to the key note. Since 
the number of vibrations is inversely as the length of the string, (Art. 
612.) these fractions inverted will express the number of vibrations 
which produces the several notes of the scale respectively. Thus f 
denotes that the string which sounds the next note above the key note 
vibrates 9 times, while the whole string vibrates 8 times. Hence the 
series expressing the number of vibrations which produce the notes of 
the scale, are 1, f, f, |, |, |, V>2. 

But, on reducing these numbers to a common denominator, and 
taking their numerators, (which express the ratios of the fractions,)f 
we have the following series, 

24, 27, 30, 32, 36, 40, 46, 48. 
ce, we have the following proposition. 



4lr 



ffa string be divided^ so that the number of vibrations performed 
hy each part in a given timej shall be in the ratio respectively of the 
numbers 24, 27, 30, 32, 36, 40, 45, 48, the sounds of the first seven 
wiU be perceived as increasing in acuteness one above another^ from 
the first to the lasiy and will yield the notes from the combinations of 
vsMeh all musiccd effects are produced.'^ 



• Young, II, 393. t Day's Algebra, Art. 360, Cor. 1. 

t Playfair's Outlines, I, 273. 
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655. By inspecting the last series of numbers, namely^ that whictt 
expresses the relation between the successive notes of the diatonic 
scale, we shall perceive that the ratios between two successive num- 
bers, and of course the intervals between the several notes of the 
scale, are not all equal to each other. 

27 to 24 is that of 

30 to 27 « 

32 to 30 " 

36 to 32 " 

40 to 36 « 

45 to 40 « 

48 to 45 « 

Hence it appears that there are in the musical scale three sorts of 
intervals, of which three bear to the fundamental or key note the ra- 
tio of 9 to 8, two that of 10 to 9, and two more that of 16 to 15. 
The first of these intervals being the largest, is denominated the mO' 
jor tone^ the second the minor tone, and the third the semitone. The 
scale therefore is made up of three major, two minor, and two semi- 
tones, as represented in the table. 

656. After ascending through the first seven notes of the scale, 
we arrive, as has been already intimated, (Art. 653.) at a note which, 
seems to be only a repetition of the first ; hence it commences anew 
series of seven notes analogous to the former series, each note being 
an octave above the corresponding note in that series, and therefore 
implying vibrations twice as rapid. A third series is constituted in 
the same manner, called the double octave^ in which the lengths of ^ 

657. All musical sounds are computed to be contained between 
ten octaves ; so that the number of vibrations in a given time that 
yields the gravest note, is to that which yields the most acute, as 1 
to 2' % that is, as 1 : 1024.* 

658. When the vibrations are less numerous than about 16 per 
second, the ear loses the impression of a continued sound, and per- 
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cei^ess first, a fluttering noise, then a quick rattle, then a succession 
of distinct sounds capable of being counted. On the other hand, 
when the frequency of the vibrations exceeds a certain limit, all 
sense of pitch is lost ; a shrill squeak, or chirp, only is beard ; and, 
what is very remarkable, many individuals, no way inclined to deaf- 
ness, are altogether insensible to very acute sounds, even such as 
painfully affect others. This singular observation is due to Doctor 
Wollaston.* Nothing can be more surprising than to see two per- 
sons, neitlier of them deaf, the one complaining of the penetrating 
shrillness of a sound, while the other maintains that there is no sound 
at all.f Few musical instruments comprehend more than six oc- 
taves, and the human voice has only from one to three, the male 
voice being in pitch an octave lower than the female. | 

659. The intervals of the diatonic scale, are denoted by the first 
seven letters of the alphabet, A, B, C, t), E, F, G ; which are re- 
peated usually in small letters a, &, c, &;c. in the higher series. 

A succession of single musical sounds, constitutes melody ; the 
combination of such sounds, at proper intervals, forms chords ; and a 
succession of chords constitutes harmony. Two notes produced by 
an equal number of vibrations in a given time, and of course giving 
the same sound, are said to be in unison. The relation between a 
note and its octave is, next after that of the unison, the most perfect 
in nature ; and when the two notes are sounded at the same time, 
th^ almost entirely unite.^ The fifth (Art. 654.) constitutes the 
next most perfect chord, while the second and the seventh are pe- 
culiarly harsh discords. By examining the scale of vibrations in Art. 
^ 654, we shall perceive that the chords are characterized by frequent 
t^^sidences of vibration, while in the discords such coincidences are 
^HRa rare. Thus in the unison, the vibrations are perfectly isochro- 
nous ; in the octave the two coincide at the end of every vibration of 
the longer string, the shorter meanwhile performing just two vibra- 
tions ; and in the fifth, they coincide at the end of every two vibra- 
tions of the longer string, the shorter vibrating three times in the same 



• Phil. Transac. 1820. t Herschel. 

X Arnott, EL Phys. I, 481. ^ Ed. Encyc. Art. Music. 
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period. But in the second, the longer and shorter vibrations can 
coincide only after eight of the longer and nine of the shorter, and in 
the seventh, only after eight of the longer and fifte^i of the shorter. 
Hence the concord is more perfect as the common period is shorter.* 
Musical intervals therefore are divided into chords and duc&ris. 
The octave, the major fifth, the major and minor thirds, the major 
and minor sixths, are concords, and are pleasing in themselves. The 
seconds, the sevenths, the minor fifth and major fourths, are discords. 
The chord consisting of the fundamental note with its third aod fifth, 
and called the harmonic triad, forms the most perfect harmony, and 
contains the constituent parts of the most simple and natural melo- 
dies.f 

660. Discords^ however, are employed in musical composhion ; 
but their use is limited by special rules. Of the occasion and man- 
ner of introducing them, the following extract from Bumey's Histo- 
ry of Music, will give the learner a general idea. '* While harmoDy 
was refining and receiving new combinations, it was found, like c^her 
sweet and luscious things to want qualification to keep off languor 
and satiety, when some bold musician had the courage and address 
to render it piquant and interesting, by means of discords, in order 
to stimulate attention ; and thus by giving the ear a momentary un- 
easiness, and keeping it in suspense, its delight became the more ex- 
quisite, when the discordant difficulty was solved. Discord in musi- 
cal composition, however, does not consist in the excess or defect of 
intervals, which, when false, produce jargon, not music ; but in die 
Warrantable and artful use of such c^binations as, though too disa- 
greeable for the ear to dwell upon, or to finish a musical period, 
so necessary are they to modern counterpoint, and modem ears,] 
harmony without their relief, would satiate, and lose many of its 
tiful efiects." 

661. When a long string is made to vibrate, there are heard not 
only the note belonging to the whole length of the string, but also 
more feebly the subordinate notes belonging to its half, its third, its 




Young's N. Phil. I, 391. f Young. 
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fourtby &c. thus giving to a single sound the effect of harmony. 
Hence such subordinate sounds are called, with respect to the prin- 
cipal sound, its Harmonies. Often the subordinate sounds swell 
with such force as to overpower for a time the fundamental note ; 
and then if the string be carefully examined, it will be found to be 
vibrating, not as a whole, but in two, three, or four^ distinct portions, 
with points of rest between them.* The sounds thus belonging to a 
single string, and produced by its spontaneous division into diiSerent 
Dumbers of equal parts, constitute, when heard together or in succes- 
sion, the simple music of nature herself. It is produced in the most 
perfect manner by the JEolian Harp. 

662. Hence arises what is denominated the sympathy of sounds. 
If two cords equally stretched, and in all other respects similar, but 
one only hal^ one third, or some other aliquot part of the length of 
the other, be placed side by side, and the shorter be struck or sound- 
edy the vibration will be communicated to the longer by the interven- 
tioD of the air, which will thus at once be thrown into a mode of vi- 
bratioD in which the whole length is divided into segments, each equal 
to the shorter string. Here the vibrations imparted to the string that 
is struck, are communicated to the aerial pulsations, which will im- 
press OQ any body capable of vibrating in their own time an actual 
vibratory motion ; and if a body is susceptible of a number of modes 
of vibrauon performed in diiSferent times, that mode only will be exci- 
ted which is tytiehronous toith the aerial pulsations. All other motions, 
thoa^ they may be excited for a moment by one pulsation, will be 
cztinguished by a subsequent one. Hence, if two cords have any 
^jBode of vibration in common, that mode may be excited by sympa- 
^^■r in either of them when the other is sounded, and that only. For 
^Kmple, if the length of one cord is to that of the other as 2 : 3, 
and if either be set vibrating, the mode of vibration, corresponding 
to a division of the former into two, and of the latter into three seg- 
nents, will, if it exists in tlie one, be communicated by sympathy to 
the other* In the vibrations of cords, which from their small sur- 



• Arnott, El Phys, I, 478 ; Young's Nat. Phil. I, 382 ; Hatty's 
Nat. Phil I, 316. 
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face can receive but a trifling impulse from the air, the sounds and 
motions excited by this sort of sympathetic communicatioD are fee- 
ble ; but in vibrating bodies which present a large surface, they be- 
come very great. It is a pretty well authenticated feat performed 
by persons of clear and powerful voice, to break a drinking-glass by 
singing its proper /undamental note close to it. Looking-glasses also 
are said to have been occasionally broken by music, the excursioDS 
of their molecules in the vibrations into which they are thrown being 
so great as to strain them beyond the limits of their cohesion.* 

663. The theory of Musical Insirumenti will be readily under* 
stood from the principles already explained. It will be seen that 
they all owe their power of producing musical sounds to their sus- 
ceptibility of vibrations ; that the force or loudness of the sounds 
they afibrd depends on the length of the vibrations, and the graveness 
or acuteness of the sound, in other words the pitch, on their douh 
ness or frequency; and that their chords depend, m genera], upon 
frequency of coincidence in the vibraiioni that aflbrd the several 
sounds of the concord. 

664. The nature of stringed instruments may be learned from the 
violin. Here the strings are of the same length, but differ in weight 
and tension ; those designed to affi>rd the lower notes being heavier 
and less strained, and those for the higher notes being lighter and 
more tense. The lengths, moreover, are altered by applying the 
fingers. The several strings are usually so adjusted to each other, 
that is, so tunedy that any two contiguous strings make k fifth. Hence 
the fourth or highest stop on one string brings it into unison with t he_ 
string above ; and the third stop on any string forms an octave wj^^^ 
the open string next below. On account of this power of altering flj^ 
effective lengths of the strings at pleasure, of developing the harmcmic 
sounds by a skilful application of the fingers, and of varying con- 
stantly the degrees of fullness or force in each sound by a dexterous 
use of the bow, the violin becomes in the hands of an accomplished 
performer, an instrument of great power and compass, while it is ca- 
pable of greater variety than any other musical instrument. 



* Herschel on Sound. 
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665. The Jlute afibrds an example of wind instruments. Here 
the vibrating body is a column of air to which different lengths are 
given by means of the stops which are opened and closed by the fin- 
gers. The rdpidity of the vibrations, and consequently the pitch, is 
also changed a whole octave by the management of the breath. 

In mixed wind instruments, the vibrations or alternations of solid 
-^ bodies are made to cooperate with the vibrations of a given portion 
of air. Thus, in the trumpet, and in horns of various kinds, the force 
jof inflation, and perhaps the degree of tension of the lips, determines 
the number of parts into which the tube is divided, and the harmonic 
which is produced. The hautboy and clarionett have mouth-pieces 
of diiSerent forms, made of reeds or canes ; and the reed-pipes of an 
organ, of various constructions, are furnished with an elastic plate of 
metal, which vibrates in unison with the column of air which they 
contab. An organ generally consists of a number of different series 
of pipes, so arranged, that, by means of registers, the air pro- 
ceeding from the bellows may be admitted to supply each series, or 
excluded from it at pleasure ; and a valve is opened when the pro- 
per key is touched, which causes all the pipes belonging to the note, 
in those series of which the registers are open, to sound at once. 
These pipes are not only such as are in unison, but frequently also 
one or more octaves above and below the principal note, and some- 
times also twelfths and seventeenths, imitating the series of natural 
harmonics.* 



• Young's Lects. I, 402. 
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666. Electricity is a term derived from ^Xsxrpov, the Greek 
word for ambers* that being the substance in which a propertjr of 
the agent now denominated Electricity was first observed. 

The ancient Greek philosophers were acquainted with the fact 
that amber, when rubbed, acquires the property of attracting light 
bodies ; hence the effect was denombated electrical ; and, in later 
times, the term Electricity has been used to denote both the un- 
known cause of electrical phenomena, and the science which treats of 
electrical phenomena and their causes. 

667. The science of Electricity is hardly more remarkable on ac- 
count of its surprising and beautiful phenomena, than it is curious in 
its history. The first observation recorded of it was made by Thales 
ofMiletus,f who ascribed it to the functions of some hidden aiiimal.| 
Theophrastus,^^ the natural historian, mentions a stone called lyn- 
curium (supposed to be the tourmalin of modem mineralogists) pos- 
sessing the property of attraction as well as amber. He observes 
that it is said not only to attract straws and small pieces of sticks, 
but even copper and iron, if they be finely divided. || This is near- 

* Amber is a resinous substance having the appearance of indurated 
honey. It sometimes naturally exhibits the shape of water-worn peb- 
bles. When heated it exhales a highly agreeable odor. From 
scarcity it bears a high price. Much of the amber found in the 
ket is brought from Prussia, where it is found in mines, or lo 
scattered along the sea coast ; and it is found in other countries, im- 
bedded in a peculiar kind of sand and gravel. 

t Sometimes styled the "father of Grecian philosophy." Flour- 
ished 600 years before the Christian era. 

J Priestley's History of Electricity, p. 1. 

^ Lived at Athens, 300 years B. C. 

II To Xufxojpiov sXxsi yoLp Cj(fnrsp ro ^Xex7pov. o2 Si (patfiv ou julovov xap^ij xcu 
|jXov, oLXXa xou p^aXxov xou (f»6y)pov, lav ji Xsirrog' w(fflrsp xoj AioxX^^ IXs^sv. 
.^Theophrastus irspl rwv Xidwv. 
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ly the amount of what was known of Electricity by the ancients ; 
nor, so far as is known, was there a single important fact added to 
this science for the period of nineteen centuries. 

668. In the year 1600, Dr. Gilbert, an English philosopher, pub- 
h'shed a work on Magnetism, comprising also many observations oo 
Electricity. He knew nothing more of this agent, however, than as a 
power of attraction. Little was added to the knowledge of QUbert 
on this subject until the latter part of the same century, when, after 
the establishment of the Royal Society of London, and of the Acad- 
emy of Sciences at Paris, philosophical experiments began to be pros- 
ecuted with a zeal before unknown. Boyle* discovered a number 
of interesting facts in Electricity, and Otto Guericke^ constructed the 
first electrical machine, using a globe of sulphur, instead of the glass 
cylinder at present employed. 

But the first sixty years of the eighteenth century, may be 
remembered as the period when the greatest discoveries in Elec- 



* Honorable Robert Boyle, an English philosopher, lived in the 
reign of Charles the Second and flourished about the year 1670. He 
was one of the founders of the Royal Society of London, and was a 
very zealous and diligent experimentalist, and distinguished for his vir- 
tues and piety. Though the facts discovered by Boyle were valuable 
contributions to the science, yet it may serve to show the absurd no* 
tioDs which prevailed at that time on points of theory, to recite his 
Veiws of electrical attraction. He supposed that an excited body 
emitted a glutinous effluvium, which laid hold of small bodies in its 
|M||, and, in its return to the body which emitted it, carried them 
^^^ with it. — Priestley^ s Hist, Elec. p. 7. 
^rOtto Guericke of Magdeburg in Germany, better known as the 
inventor of the air-pump. He was contemporary with Boyle, and 
united an inventive talent with a taste for philosophical experiments. 
His electrical machine conisted of a globe of sulphur made by melting 
that substance in a hollow globe of glass, and then removing the glass 
by breaking it. This globe he mounted upon an axis, and whirled it 
in a wooden frame, rubbing it at the same time with his hand. Guer- 
icke first observed the electric spark. 
Vol. U. ^ 12 
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tricity were m^de. Grey* in England, Du JPoyf in France, and 
Franklin'l in Annerica, are the names most distinguished in the his- 
tory of this period. Each of these individuals made numerous and 
important discoveries ; and the last two severally proposed hypoth- 
eses to account for the phenomena of electricity, hypotheses which 
have ever since divided the opinions of electricians. 

For the sake of convenience, the term electric fluid is employed, 
without however, implying any thing more than the unknoum cau$e 
of electrical phenomena, whatever that cause may be. 



• Stephen Grey a pensioner of the British government — flourished 
about the year 1730 — made numerous discoveries, the most important 
of which was the division of bodies into conductors and non-conduC" 
tors. 

t Du Fay, was a member of the Academy of Sciences at Paris, 

flourished about the year 1733 — he discovered, among other things-^ 
the influence of moisture upon the conducting power of bodies — -^ 
the fact that electrified attract unelectrified bodies — and the two dif^^"^ 
rent kinds of Electricity, the vitreous and resinous or positive and n^-^ 
gative. 

J Dr. Franklin commenced his labors in electricity in 1747. Th^^* 
results of his experiments and observations were communicated ii 
several letters addressed to Peter Collinson, Esq. of London, Felloi 
of the Royal Society, written at diffbrent times from 1747 to 
" Nothing (says Dr. Priestley's Hist, Elec. page 159.) was ever writ- 
ten upon the subject of Electricity, which was more generally rea^c^ 
and admired in all parts of Europe than these letters. There is har^"' 
ly any European language into which they have not been translated 9 
and, as if this was not suflicient to make them properly kno^ 
translation of them has lately been made into Latin.- It is not ei 
say, whether we are most pleased, with the simplicity and perspicml 
with which these letters are written, the modesty with which the au- 
thor proposes every hypothesis of his own, or the noble franknesff 
with which he relates his mistakes, when they were corrected by sab- 
sequent experiments." 
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OF THE GENERAL PRINCIPLES OF THE SCIENCE. 



669. The most general effect by which the presence of electrici- 
ty is manifested is attraction. Thus, when a glass tube is nibbed 
TOh a dry silk or woollen cloth, it acquires the property of attract-^ 
bg light bodies, as cotton, feathers, &tc. When, by any procesSi a 
body is made to give signs of electricity, it is said to be excited. 
When a body receives the electric fluid from an excited body, it is 
said to be electrified. Since there is found to be a great difier- 
€Dce in bodies in regard to the power of transmitting electricityi 
all bodies are divided into two classes conductors and non-con- 
ductors. Conductors are bodies through which the electric fluid 
passes readily ; non-conductors are bodies through which the electric 
fluid either does not pass at all, or but very slowly. The latter bodies 
are also denominated electrics^ because it is by the friction of bodies of 
this class that electricity is usually excited. An electrified body is 
said to be insulated^ when its connexion with other bodies is formed 
hy means of non-conductors, so that its electricity is prevented from 
escaping. Instruments employed to detect the presence of electri- 
city are denominated electroscopes ; such as are employed to estimate 
its comparative quantity, are called electrometers. This distinct- 
wn however is neglected by some writers, and, to avoid the unneces- 
wy multiplication of terms, it will be neglected in the present trea- 
tise, instruments of either kind being called electrometers. 

tFig. 118. 
70. The Pendulum -Electrometer is formed by ^^ 

fending some light conducting substance by some " ^ 

non-conducting substance. Thus, a small ball of the 
pith of elder hung by a silk thready constitutes a very 
convenient instrument for detecting the presence and 
examining the kind of electricity. Figure 118 rep- 
resents a pendulum electrometer, consisting of a glass 
rod fixed in a stand, and bent at the top so as to form 
a book. From this hook hangs a thread of raw silk, 
to the bottom of which is attached a small pith ball, 
made smooth and round, and weighing only a small 
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part of a grain. The attenuated thread of silk, unwound from the 
ball of the silkworm, forms a very delicate insulator; but for ordinary 
purposes, a common thread of silk may be untwisted, and a single 
filament taken for the suspending thread. For the purposes of the 
learner, it may even be sufficient to suspend a ball of cork, or a 
lock of cotton, or a feather by a thread of silk. 



671. The Gold Leaf Electrometer, represented in 
Fig. 119, consists of two strips of gold leaf suspend- 
ed from the metallic cover of a small glass cylinder. 
By this arrangement, the pieces of gold leaf are insu- 
lated, they are protected from agitation by the air, and 
Electricity is easily conveyed to them by bringing an 
electrified body into contact with the cover. The 
approach of an electrified body causes the leaves to 
separate, or when previously separated, to collapse 
according to principles to be explained presently. 



Fig. 119. 





672. Coulomb's Electrometer, Fig. 120, is Fig. 120. 

an apparatus of still greater delicacy and per- 
fection than either of the preceding instru- 
ments. It consists of a cylindrical glass vessel 
having also a lid of glass, in the center of which 
a small hole is drilled. Through this hole 
passes an untwisted raw silk thread four inches 
long, and fixed at the top to a micrometer, by 
means of which it may be turned round any 
number of degrees at pleasure. To the silk thread is attached 
a very fine thread of lac, H, having at each extremity a sa|| 
pith ball. This lac needle with its knobs weighs only one foHp 
of a grain. A small hole is drilled in the side* of a vessel at A, 
through which passes a fine wire terminated at both extremities by a 
knob. When an excited body is placed in contact with the knob at 
A, the knob at the other extremity will acquire the same electricity 
as the excited body. This electricity it will communicate to the 
knob of the lac needle, suspended by the silk thread, which was previ- 
ously almost in contact, and the two knobs will repel each other. 
The movable knob attached by the silk thread will separate from the 
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Other, and the quantity of electricity will be proportional to the dis- 
tance to which it recedes.* 

By the aid of the foregoing instruments, or even by means of 
the pendulum electrometer alone, we may ascertain the following 
LEADING FACTS, which are so many fundamental trutlis, in the sci- 
ence of Electricity. 

673. Prop. I. Electricity is prodwed by the Friction of all 
bodies. 

Although friction is the most common, and by far the most exten- 
sive means of exciting bodies, yet it is not the only means. Elec- 
tricity is manifested during the changes of state in bodies, such as 
liquefaction and congelation, evaporation and condensation. Some 
bodies even are excited by mere jore^^t/re; others by the contact or 
separation of different surfaces. Most chemical combinations and 
decompositions are also attended by the evolution of Electricity, 
which manifests its presence to delicate electrometers. 

If we rub a piece of amber, sealing wax, or any other resinous sub- 
stance, on dry woollen cloth, or fur, or silk, and bring it towards an elec- 
trometer, it will give signs of electricity. A glass tube may be exci- 
ted in a similar manner. Moreover if we bring the excited tube near 
the face, it imparts a sensation resembling that produced by a cobweb. 
If the tube is strongly excited, it will afford a spark to the knuckle, 
accompanied by a snapping noise. A sheet of white paper, first 
dried by the fire, and then laid on a table and rubbed with India 
rubber, will become so highly excited as to adhere to the wall of 
(he room, or any other surface to which it is applied. Indeed fric- 
ioD is so constantly attended by Electricity, that in favorable weath- 
r the fluid is abundantly indicated on brushing our clothes, which 
thus are made lo attract the light downy particles that are floating 
in the air. 






674. Our proposition asserts that Electricity is produced by the 
friction of all bodies, whereas if we hold in the hand a metallic sub- 
stance, a plate of brass or iron, for example, and subject it to friction, 

* Thomson's Outlines of Heat and Electricity, p. 374. 
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we shall not discover the least sign of electrical excitement* In such 
c&ses, however, the Electricity is prevented from accumulating m 
consequence of the substance being a good conductor^ and thus con- 
veying the fluid to the hand, which is another good conductor, by 
which means it is lost as fast as it is excited. But if we insulate a 
metallic body, or any other conducting substance, then on being 
rubbed, it gives signs of Electricity, like electrics. 

Liquids and gases, by friction against solid bodies, excite Electri- 
city. Thus quicksilver agitated in a glass tube electrifies it, and the 
blast of a bellows against the projectin^knob of Coulomb's electrome- 
ter, (see fig. 120) puts the needle in motion. Even a slight puff 
with the mouth, directed upon the knob will produce a sensible de- 
gree of excitation. 

675. Prop. II. The Electricity which is excited from glass and 
a numerous class of bodies, exhibits different properties from that 
which is' excited from amber, or sealing wax, and a class of bodies 
equally numerous unth the other. 

The kind of fluids excited from glass and analogous bodies is called 
vitreous, and that from amber and analogous bodies, resinous Elec- 
tricity. The term positive is also used instead of vitreous, and nega^ 
tive instead of resinous. 

In order to understand the applications of the preceding terms 
vitreous and resinous, positive and negative, it is necessary to know 
something of the two hypotheses upon which these terms are respec- 
tively founded. The first hypothesis is that proposed by Du Fay.* 
It ascribes all electrical phenomena to the agency of two fluids spe- 
cifically different from each other, and pervading all bodies. In un- 
electrified bodies, these two fluids exist in combination, and exactlj^ 
neutralize each other. By the separation of the, two fluids it is 
that bodies are eleclrified, and it is by the re-union of the two fluids, 
that the Electricity is discharged, or bodies cease to be excited. The 
second hypothesis was proposed by Dr. Franklin. It ascribes all 
electrical phenomena to the agency of one fluid, which, as in the oth- 



* This is sometimes called the Hypothesis of Symmer, after an 
English electrician of that name who matured and illustrated the prin- 
ciple first suggested by Du Fay, (Bee Phil. Trans. ITBd.) 
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er case is supposed to pervade all bodies, being naturally in a state 
of equilibrium. It is only when this equilibrium is destroyed that 
bodies become electriGed, and it is by the restoration of the equilH 
brium that the Electricity is discharged, or bodies cease to be ex* 
cited. But a body is electrified when it has either more or lm§ 
of the fluid than its natural share ; in the former case it is poniim^ 
/y, in the latter case negativdyy electrified ; positive Electricity tber#* 
fore, implies a redundancy and negative Electricity, a deficiency of 
the fluid. ^ 

This much being sufficient for the understanding of the terms, and 
of the general principles of these two celebrated hypotheses, we shall 
postpone all discussions respecting them, until the learner has become 
acquainted with a sufficient number of electrical phenomena to ena- 
ble him to understand and to judge of the evidence adduced in sup- 
port of each hypothesis. 

676. Prop. III. Bodies electrified in different ways attract^ and 
in the same way repel each other. 

Thus if an insulated pith ball (Art. 670.) or a lock of cotton, be 
electrified by touching it with an excited glass tube, it will immedi- 
ately recede from the tube, and from all other bodies which affi)rd 
the vitreous Electricity, while it will be attracted by excited sealing 
wax, and by all other bodies which aflbrd the resinous Electricity. 
If a lock of fine, long hair be held at one end, and brushed with a 
dry brush, the separate hairs will become electrified, and will repel 
each other. In like manner, two insulated pith balls, or any other 
light bodies will repel each other when they are electrified the same 
way, and attract each other when they are electrified diflerent ways. 

Hence it is easy to determine, whether the Electricity afforded by 
a given body is vitreous or resinous ; for, having electrified the elec- 
trometer by excited glass, then all those bodies which, when exci- 
ted, attract the ball, aflford the resinous, while all those which repel 
the ball aflbrd the vitreous Electricity. 

677. Prop. IV. The two kinds of ElectridtyMre produced sitnuh- 
ianecusly; the one kind in the body rubbedjthe other in the rubber. 

For example, if we rub a glass tube with a silk or woollen cloth, 
the glan becomes positive, and the cloth negative. The Ibregobg 
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law holds true universally; but the kind of Electricity which etefa 
substance acquires, depends upon the substance against which it is 
rubbed. If we rub dry woollen cloth against smooth glass, it ac- 
quires the resinous, and the glass, the vitreous Electricity; but if 
we rub the same cloth against rovgh glass, it becomes positiyelj, 
while the glass becomes negatively electrified.* The following table 
contains a number of electric substances, arranged in such a way that 
when they are rubbed against each other, any substance in the list be- 
fore another becomes positively, and any substance below it nega-. 
tively, electrified. 

1. Fur of a Cat, 6. Paper, 

2. Smooth Glass, 7. Silk, 

3. Woollen Cloth, 8. Lac, 

4. Feathers, • 9. Rough Glass, 
6. Wool, 10. Sulphur. 

The fur of a cat, when rubbed against any of the bodies in the table, 
always affi>rds the vitreous, and the sulphur always the resinous 
electricity. Feathers become negative when rubbed against the far 
of a cat, smooth glass, or woolen cloth ; but positive when rubbed 
against wool, paper, silk, lac, rough glass, or sulphur. f 

678. Pkop. V. Electricity passes through some bodies with ih 
greatest facility ; through others vnth the greatest apparent difficuUft 
or scarcely at all ; and others have a conducting power intermedial^ 
between the two. 

Metals and charcoal, water and all liquids (oils excepted) are good 
conductors. Melted wax and tallow are good conductors ; but these 
bodies while solid conduct very badly. Glass, resins, gums, sealiDS 
wax, silk, sulphur, precious stones, oxides, air, and all gases, arenoi^ 
conductors, or at least very bad conductors. J Atniospheric air is * 

* The cloth should be attached to a glass handle to insulate it. 

t When black stockings are worn over white, numerous sparks are 
frequently observed'on pulling off the outer pair. The same appear- 
ances occur, when a silk garment is worn over flannel. (See anifi' 
teresting account of Symmer's experiments on this subject in Priest- 
ley's History of Electricity, p. 267.) 

% Thomson. 
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non-conductor of the highest class, when perfectly dry ; but it be- 
comes a conductor, either when moist or when rarefied. The elec- 
tric fluid easily pervades the vacuum of an air pump, or of the 
Torricellian tube (Art. 639,); but these are imperfect vacuums; it 
is said that Electricity cannot pass through a perfect vacuum.* 

680. The conducting powers of most bodies are influenced by 
changes of temperature, and also by changes of form. Water, in its 
natural state, is a good conductor; but Its conducting power is in- 
creased by heat and diminished by cold. Steam and ice are each 
inferior, in conducting power to pure water ; and ice below the tem- 
perature of — 13° Fah. becomes an electric of the highest class. 
Snow, when cold and dry, is a bad conductor. During a dry snow 
storm the air frequently becomes highly electrical. 

The same body frequently exhibits great changes in conducting 
power by changes of state, or chemical constitution. Thus, green 
^ood is a conductor, dry baked wood a non-conductor ; charcoal 
a conductor, ashes a non-conductor. 

681. Strictly speaking there is no substance k^own, that is entire- 

V impervious to Electricity; for the intensity of that agent may be 

^ increase^ as to force it, for a greater or less distance, through all 

bodies. Neither is there any body in which the conducting power 

's perfect. The following table presents a catalogue of bodies ar- 

^^Oged in the order of their conducting powers. 

^Ol^BUCTORS.' 

JHetaUj the more perfect, or least oxidable the better. 
Charcoal^ better when prepared from hard wood and well burned. 
^ t'lumbago. 

•Acidsj strong mineral acids best. 

Charcoal in fine powder. 

Salts i in solution. 

Metallic Ores, 

•Animal Fluids^ 

Pure Water^ 

IcCy at common temperatures. 



* Lib. Use. Knowl. Art. Electricity, p. 6. 
Vol. II. 13 
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SnoWj better when moist, worse when dry. 

Living vegetables. 

Living animals. 

Flamej Smoke^ Steam. 

SaltSy not in solution. 

Rarefied Air. 

Vapor of Alcohol^ or Ether. 

Earths and Stones. 

Pulverized Glass. 

Flowers of Sulphur. 

^ON-CONDUCTORS OR ELECTRICS. 

Lac* Amber, Resins. 

Sulphur. 

Wax. 

Fat. 

Glass, Gemsy Precious Stories. 

Sak, Wool. 

Hair, Feathers. 

Cotton, Paper. 

Leather. # 

Sugar, refined and crystallized. 

Ihy Atmospheric Air, and other gases. 

Baked Wood. 

Porcelain, Hard stony Bodies. 

India Rubber. 

Dry Chalk, Lime. 

Phosphorus. 

/ce, below —130 Fah. 

Crystals, when dry and transparent. 

* Lac, which is placed at the head of non-conductors, is a species 01 
resin, sold by the druggists, and is deposited upon a tree in India bf * 
certain species of insects. — Shell lac, the most common form empM' 
ed in electrical experiments, is nothing more than lac in its purest 
form. — Sealing wax is substituted for lac in electrical experiments* 
being made chiefly of that substance. — Varnishes, also, which ar^ 
employed to coat the surfaces of electrical apparatus, owe their effi" 
cacy to lac of which they are chiefly composed. 
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Dry Metallic Oxides. 

It is particularly important to remember that Metals, Water and 
all moist substances, Animal substances, as the human body, and the 
Earth itself, are conductors; while the Air, when dry, and all Resin- 
ous and Vitreous substances are non-conductors. These bodies are 
those which are chiefly concerned in making experiments with elec- 
trical apparatus. 

682, Prop. VI. Insulation is effected in various degrees of per^ 
fectiouj according to the state of the atmosphere, and the nature of 
the substances employed as insulators. 

If the air were a conductor, it is not easy to see how the electric 
fluid could be confined so as to be accumulated. It is^ moreover, 
only when the air is dry that it is capable of insulating well ; hence, 
in damp, foggy, and rainy, weather, electrical apparatus will not work 
well, unless the air is dried artificially by operating in a close room 
highly heated by a stove.* iP 

683. Lac, drawn mto fine threads, is the most perfect insulator. 
Compared with silk thread, such a filament is ten times more effec- 
tual in preventing the loss of the fluid. Fine silk thread, however, 
when perfectly dry, is among the best insulators, and where great 
delicacy is required, a single filament of silk as it comes from the ball 
of the silk worm is employed. Its conducting pow6r is somewhat 
influenced by its color, black being the worst, and a gold yellow the 
best color for insulating. Glass is much used as an insulator, espe- 
cially when great strength is required, as in supports to various kinds 
of electrical apparatus. Glass, however, is liable to acquire mois- 
ture on its surface, in consequence of which its properties as an insula- 
^r are materially impaired. This inconvenience is obviated by giv- 
^g it a thick coat of varnish. Fine hair is a good and convenient 
^bstance in some cases of insulatioa. 



• We have been able to hold public lectures on Electricity, illustra- 
^d by numerous experiments, in the most unfavorable weather, by 
keeping the room highly heated by close stoves. 
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^" In some cases conducting or uninsulating threads are required. 
Then fine silver wires or linen threads, first steeped in a solution of 
salt and dried, are used. 

684. The iphere of communication is the space within which a 
spark may pass from an electrified body, in any direction from it. 
It is sometimes called the striking distance. The sphere of influence 
is the space within which the power of attraction of an electrified 
body extends in every way, beyond the sphere of communication. 
A glass tube strongly excited will exert an influence upon the gold 
leaf electrometer at the distance of ten or even twenty feet, although 
a spark could not pass from the tube to the cap of the electrometer 
at a greater distance than a few inches. 

685. The electricity which a body manifests by being brought near 
to an excited body, without receiving a spark from it, is said to be 
acquired by Induction. 

When an insulated conductor, unelectrified, is brought into the 
neighborhood of an insulated charged conductor, its Electricity un- 
dergoes a new anihgement. The end of it next to the excited 
conductor, assumes a state of electricity opposite to that of the ex- 
cited conductor ; while the farther extremity assumes the same kind 
of electricity. Suppose the excited conductor, is electrified positive- 
ly. The end of the insulated conductor next to it, becomes negative, 
and the remoter end positive ; and intermediate between these two 
points, there occurs a place where neither positive nor negative elec- 
tricity can be perceived. This place is called the neutral point. 

The reason why unelectrified bodies are attracted by excited elec* 
tries is, that they are put into the opposite state by induction, and 
then attracted upon the general principle laid down in Prop. III. 
When they come into the sphere of communication of the excited 
body, they immediately acquire the same kind of electricity, and are 
repelled. If they come into contact with uninsulated bodies they lose 
the electricity they have acquired, are again put into the opposite 
state by induction, again attracted and again repelled. This pro- 
cess will go on until tlie electricity of the insulated conductor is all 
conveyed away.* 



* Thomson's Outlmes of Heat and Elec. p. 362. 
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The foregoing genera) principles may be verified with very sim- 
ple apparatus such as plih balls, a glass tube, and a stick of seal- 
ing wax. Bui the same facts may be exhibited in a much more 
striking and impressive manner by the electrical machine and its ap- 
pendages, and our attention will therefore be now turned to ibe con- 
sideration of the subject of electrical apparatus. 



CHAPTER ir. 



OF ELECTRICAL APPABATUS. 

686. The object of the electrical machine is to accumvlale elec- 
tricity. It is made of several different forms, but two of these forms 
are predominant, which it will be suiScient for our present purpose 
to describe ; of these one is called the Cylinder, the other, the Plate 
machine. The Ctlinder Machike is represented in figure 121. 
Fig. 121. • 




The principal parts belonging to it, are the cylinder, the frame, the 
rubber, and the prime conductor. The cylinder (A) is of glass, 
from eight to twelve inches in diameter, and from twelve to twenty 
four inches long. It should he perfectly cyiiodrical, otherwise it 



102 KLECTRICITT. 

will not press the cushion or rubber evenly when turned. It must be 
as smooth as possible, for rough glass becomes a partial conductor; 
the latter only is suitable for affording positive electricity. The cylin- 
der should be so mounted on the frame as to revolve without waddling, 
for such a motion would prevent its being in uniform contact with the 
rubber. The Frame (B B) is made of wood, which roust be close 
grained, well seasoned, and baked in an oven, and finaUy coated with 
varnish, the object of all this preparation being to diminish its conduct- 
ing powers, and thus prevent its wasting the electricity of the cylinder. 
The Rubber (C,) consists of a leathern cushion, stuffed with hair like 
the padding of a saddle. This is covered with a black silk cloth, 
having a flap which extends from the cushion over the top of the cyl- 
inder to the distance of an inch from the points connected with the 
prime conductor, to be mentioned presently. The rubber is coated 
with an amalgam^ made of mercury, zinc, and tin, which prepara- 
tion has been found, by experience, to produce a high degree of 
electrical excitement, when subjected to the friction of glass. The 
rubber is insulated by placing it on a solid glass pillar, and it is made 
to fit closely to the cylinder by means of a spring worked by a screw. 
The Prime Con9ttor D, is usually a hollow brass cylinder with 
hemispherical ends. It is mounted on a solid glass pillar, with a 
broad and heavy foot made of wood to keep it steady. The cylinder 
is perforated with small holes, for the reception of wires (c) with 
brass knobs. 



* The amalgam recommended by Singer, one of the ablest practi- 
cal electricians, is composed of zinc two ounces, of tin one ounce, 
and of mercury six ounces. The zinc and tin may be melted together 
in a ladle or crucible, and poured into a mortar, previously heated 
to prevent the sudden congelation of the melted metals. As soon as 
they are introduced, they must be rapidly stirred with the pestle, du- 
ring which process the mercury may be added, and the stirring con- 
tinued until the amalgam is cold, when it will be in the form of paste 
or fine powder. A little lard is added, to give the amalgam the 
proper consistence ; but if, when applied, it be warmed a little, but a 
small proportion of lard need be used. In hot weather, less quick* 
silver is to be employed. 
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It is important to the constructioD of aa electrical machine, that 
the work should be smooth and free from points and sharp edges, 
^ce these have a tendency to dissipate the fluid, as will he more 
fully understood hereafter. For a similar reason the machine should 
be kept free from dust, the particles of which act like points, and 
dissipate the electricilj. 

687. The Plate Machine (Fig. 122.) consists of a circular 
plate of glass from eighteen to twenty four inches or more in diam- 

Fig. 122. 




eter, turning vertically on an axis that passes through Its center. 
The frame is composed of matenals similar to those which compose 
the frame of the cylmdncal machine. This machine is furnished with 
two pairs of rubbers, attached to the lop and bottom of the plate. 
The prime conductor consists of a brass cyUnder, proceeding from 
the center in a line with the axis, and having two branches which serve 
to increase its surface, and at the same time to connect it with the 
opposite sides of the plate, so as to receive the Electricity as it is 
evolved irom each cushion. 

It is not agreed which of these Wo machines a^rds the greatest 
quantity of Electricity from die same surface ; but the cylinder is 
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less expensive than the plate, and less liable to break, and is more 
convenient for common use. 

688. The principles of the electrical machine, will be readily 
comprehended from what has gone before. It differs from the glass 
tube, only in afibrding a more convenient and effectual mode of pro- 
ducing friction. By the friction of the glass cylinder or plate against 
the rubber, electricity is evolved, which is immediately transferred to 
the prime conductor, and may be taken from the latter by the knuckle, 
or any other conducting substance. If the glasd and the rubber both 
remain insulated, the quantity of Electricity which they are capable 
of affording, vrill soon be exhausted. Hence, a chain or wire is 
hung to the rubber and suffered to fall upon the table or the floor, 
which, communicating as it does with the walls of the building, and 
finally with the earth, supplies an inexhaustible quantity of the fluid 
to the rubber. In cases where very great quantities of electricity are 
required, a metallic communication may be formed immediately be- 
tween the rubber and the ground. ' 

689. In order to indicate the degree of excitement in the prime 
conductor, the Quadrant Electrometer is attached to it, as is repre- 
sented at E in figure 121. This electrometer is formed of a semi' 
circle, usually of ivory, divided into degrees and minutes, from 0^ 
to 180°,* the graduation beginning at the bottom of the arc. Tb^ 
index consists of a straw, moving on the center of the disk, and caf" 
rying, at the other extremity, a small pith ball. The perpendicular 
support is a pillar of brass, or some conducting substance. When tbi^ 
instrument is in a perpendicular position and not electrified, the in- 
dex hangs by the side of the pillar, perpendicularly to the horizoo; 
but when the prime conductor is electrified, it imparts the same kind 
of electricity to the index, repels it, and causes it to rise on the scale 
towards an angle of 90°, or to a position at right angles with the pil- 
lar. It is obvious that the index can never rise higher than 90^, 
since the knob which terminates the brass pillar is electrified to the 



* Sometunes the division is carried only to 90'^, which is all that is 
necessary. 
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same degree as the prime coDductor, and repels the index with equal 
force. Nor is tiie angle at which the index remains suspended to 
be regarded as the true measure of the repulsive force. It has been 
demonstrated, that, in order to estimate this force truly, the arc of 
the electrometer should be divided according to a scale of arcs, the 
tangents of which are in arithmetical progression.^ 

690. When an electrical machine is skillfully fitted up, and works 
well, on turning it, circles of light surround the cylinder or plate, and 
brushes or pencils of light emanate copiously from the cushion and 
other parts of the machine. The circles of light consist of electric 
sparks, which discharge themselves between the excited surface and 
the rubber, their passage being so rapid as to appear like a continued 
line, like that of a small stick ignited at the end and whirled in the air. 
The brushes of light arise from the facility with which the fluid es- 
capes from points or thin edges. 

The experiments which were previously performed on electrical 
attractions and repulsions, (Arts. 669 — 678.) may now be repeated in 



* Partington's Manual Nat Phil. II, 157. 

As' electrical machines are expensive, and not always easily pro* 
cured by the private learner, it may be useful to suggest a mode of 
fitting up a cheap apparatus. A large tincture bottle may be procured 
of the apothecary, for the cylinder. A cover of wood may be cement- 
ed to each end, to the center of which, next to the bottom, is screwed 
a projecting knob for one end of the axis, while the part of the axis to 
which the handle is attached, is screwed into the center of the cover 
of wood next to the nozzle. Thus prepared, it may be mounted on 
such a frame of hard dry wood as every joiner or cabinet maker can 
construct. A tinner can make the prime conductor, and several other 
appendages to be described hereafter. Junk bottles or long phialg 
serve well as insulators. Ingenious students of electricity, frequently 
amuse themselves with making machines of this description, some of 
which have answered nearly every purpose of the most expensive 
kinds of apparatus. 

A cement, for electrical purposes, may be made by melting together 
five ounces of resin, one ounce of bees' wax, one ounce of Spanish 
brown, and a tea spoonful of plaster of Paris, or brick dust. 

Vol. fl. 14 
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a much more striking manner, and various other experiments added, 
which can be shown only when electricity is accumulated. 

691. We proceed to enumerate a few of the eflbcts of electricity 
as they are exhibited by the electrical machine, confining ourselveSf 
for the present, to those experiments which relate to attraction and 
repulsion, and the passage of the spark, reserving such as relate to light 
and heat to future sections. The following effocts may be observed 
with a machine of moderate powers, the rationale of which the learner 
will readily supply from the propositions given in Art. 683, be. 

(1.) When the machine is turned, a downy feather, or a lock of 
cotton held in the hand by a conducting thread,* will be strongly at- 
tracted towards the excited surface. 

(2.) A skein of thread, or lock of fine hair, kx>ped, and suspend* 
ed by the loop from the prime conductor, will exhibit strong repd- 
sions between the threads or hairs. 

(3.) The quadrant electrometer being attached to the prime con- 
ductor, the conducting powers of different substances may be readily 
tried. Thus, an iron rod held in the hand, and applied to the prime 
conductor, will cause the index of the electrometer to fall instantly; 
and the same effect will follow the application of any metallic rod. 
A wooden rod of the same dimensions, will cause the index to de- 
scend more slowly } and a glass rod will hardly move it at all. These 
experiments show that iron is a perfect, and wood an imperfect con- 
ductor, and glass a non-conductor. In the same manner the coo- 
ducting powers of a stick of sealing wax, a roll of silk, or cloth, and 
of various other bodies, may be illustrated. 

(4.) If a pith ball, or feather, or any other light body, held by a 
silk thread, be presented to the prime conductor, it will first be at- 
tracted and then repelled, and it cannot again be brought into con- 
•tact with the electrified conductor, until its electricity is discharged 
by communicating with the finger, or some unelectrified conductor. 

(6.) By placing light bodies between an electrized conductor and 
an uninsulated body, they may be made to move with great rapidity 
backwards and forwards, from one surface to the other, being altera 



* The conducting power of linen or cotton threads is improved 
by moistening them with the breath. 
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nately attracted and repelled by the electrified surface. By tbi^ 
means are performed electrical dances, the ringing of bells, and a 
variety of interesting and amusing experiments.^ 

(6.) If the rubber be insulated while the machine is turned, the 
rubber and the glass cylinder, or plate will be found to be in differ- 
ent electrical states ; an insulated body attracted by the one will be 
repelled by the other. 

Bodies are electrified positively by connecting them with the glass, 
by means of the prime conductor, and negatively by connecting them 
with the rubber, the latter being insulated, and the prime conductor 
uninsulated. 

(7.) An electrified body frequently exhibits a tendency to separate 
into m'mute parts, these parts being endued with the power of mutual 
repulsion. Thus, a lock of cotton, when electrified, is separated 
into its minutest fibres. Melted sealing wax, when attached by a 
wire to the prime conductor, is divided into filaments so small as to 
resemble red wool. Water dropping from a capiUary syphon tube, 
OQ being electrified, is made to run out in a great number of exceed- 
ingly fine streams. Water spouting from an air fountain (Art. 535.) 
is divided into a number of rays, presenting the appearance of a brush. 

(8.) A portion of electrified air, in consequence of the mutual re- 
pulsion between its particles, expands, and when at liberty to escape, 
becomes rarefied. Thus, a current of air may be set in motion from 
an electrified pointy or small ball, or be made to issue from the neck 
of a botde. 

Such are some of the leading experiments which may be perform- 
ed with the common electrical machines, in addition to those which 
are connected with light and heat, to be more particularly described 
hereafter. 

Torsion Balance. 

692. The instrument called the Torsion Balance, invented by 
Coulomb,f exceeds all others in delicacy and the power of measur- 

: m ■ 

* See Singer's Elements of Electricity^ for a good ^dselection of 
tiiese experiments. 

t Charles Augustus Coulomb, was a very distin^ished jnember of 
the French Academy, and remarkable for his assiduity and precision 
in expSrimental researches. He flourished during the lattl r part of 
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iDg small forces ; and in the skillful hands of the inventor, it furnish- 
ed the means of veiy reBned investigations into the most hidden 
laws of electricity. The same instrument also applied to similar re* 
searches in several other branches of physdcs, affording in each case 
an examjde of the most refined experimental analysis. 

693. The force employed to estimate any given power of electric 
attraction, is the force of torsion ; that is, the effi>rt made by a twist- 
ed thread or wire to untwist itself. Since the thread may be smaD 
to any extent, and may be of any length, (and the force of torsion 
is found to be inversely as the length, and directly as the fourth pow- 
er of the thicknessf ) the degrees by which this force is increased as 
the thread is turned, may differ from each otlier by the smallest con- 
ceivable quantity, and yet be separated by spaces far enough asunder 
to be susceptible of bemg measured with tlie utmost precision ; and 
thus any force, as that of electrical attraction required to hold the 
successive degrees of the force of torsion in equilibrium, may be ex- 
actly ascertained. If by a fine thread (which may be either the 
smallest filament of silk, or the finest silver wire) we suspend a hori- 
zontal needle, as in the electrometer represented in figure 120, the 
least conceivable force applied at the extremities of the needle, will 
put it in motion. A lever an inch long, suspended by a fibre of silk 
four inches in length, requires a force only the sixty thousandth part 
of a grain, to twist it three hundred and sixty degrees. 



Fig. 123. 



994. The construction of the instrument is as 
follows. In order to guard the suspended nee- 
dle from the agitations of the air, it is protected 
by a glass cylinder A B, having a movable lid C, 
from the center of which rises a smaller glass cyl- 
inder D, which covers the suspending thread, this 
latter cylinder is surmounted by a graduated circle 
M, upon which moves a pointer or index, connected 
at the center with the suspending thread which is 

the last century. His experiments on electricity, magnetism, friction 
and the resistance of fluids, are among the finest in natural philo- 
sophy, t Biot, Precis £1. tome I. 339. 
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twisted when the index is turned. The lid C is perforated with a 
hole to allow access to the pith ball of the needle. In the figure 
this opening is represented as closed by the handle of a movable rod 
of glass or lac, which insulates the ball a, by which electricity is con- 
veyed to the ball b of the needle. On a level with the needle is 
a circular band graduated into degrees and minutes. It is usually 
made of paper and pasted around tlie cylinder. 

695. To prepare the apparatus for experiments, .the index on M 
is set opposite to zero, and then the circle, conveying the index along 
with it, is turned until the ball of the needle rests opposite to zero, 
on its graduated circle. In this situation, the suspending thread is 
entirely untwisted or free from torsion. Now let the ball a, be elec- 
trified, by receiving a spark from the prime conductor, and let it be 
introduced to the level of the needle. The ball &, of the needle, 
being unelectrified, is first attracted to the electrified ball, imbibes the 
same kind of electricity, and is then repelled to a greater or less dis- 
tance, according to the intensity of the electricity. On account of 
the extreme delicacy of the instrument, only a very small charge 
must be applied ; otherwise the agitation of the needle will be in 
danger of breaking the thread,* or the arc described by the needle, 
win be inconveniently large. The charge is therefore applied from a 
pin's head, the pin itself being concealed in sealing wax. The pin's 
head being electrified, it is touched by the ball a, by means of which 
the charge is introduced into the cylinder and made to communicate 
with the ball 6, of the needle. Suppose the force of repulsion be- 
tween the two balls to be such, that the needle will finally setUe at 
the distance of 36^ from zero, or the point where it was quiescent. 
It would describe a greater arc in that direction, were not its motion 
counteracted by the force of torsion exerted by the suspending 
wire. 



* The filament used by Coulomb in some of his experiments, was 
^ silver wire, a foot of which weighed only the one sixteenth of a 
grain. 
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696. Our object, it will be recollected, is to esdmate die forcei of 
this repulsion at different distances from tbe eleclriGed ball a. TUi 
is done by finding the relative forces of torsion, required to bring 
those respective forces of repulsion to an equilibrium. We there- 
fore turn the index upon the circle M, in a direction opposite to that 
in which the needle moved, and observe the number of degrees 
through which the index must be turned, in order to make the balii^ 
approach to any given distance of the baU a. Coulomb proceeded 
as follows. The ball h being electrified by contact with a, receded 
from it, describing an arc of 36^. The index on the circle M was 
then turned in the opposite direction, until the needle was carrisd 
back to the distance of 18^, which required the index to be turned 
over 126^. Again the index was turned until the needle was brougbl 
to the distance of 8^^, which required it to be turned over 567^. 
Let ah d represent the circle in which these 
movements were performed, c being its center. o' 

Take a h equal to 36^, then the b will be the 
position of the needle after the first repulsion. 
The index which carries the thread, bemg now 
turned backwards 126^, the ball &, were it free 
to move, would be carried over the same arc 
to d'j 126° beyond a ; but, on account of the 
repulsion of the ball cr, it stops short at b' at the distance of 18^ 
from a. Therefore, the force of repulsion of the two balls, is 
126°+ 18° = 144°. In the third case, where the index was turned 
567°, and the needle brought to the distance of 8^° of a, were it 
not for the repulsion between the balls, the needle would have beeo 
carried 567° beyond a to d^ but stops short of a 8^° ; therefore, tbst 
repulsion is equal to 567°+8i=575j°. Hence the respective 
forces of repulsion exerted at the several distances were as foUows: 

Distances. Repulsive forces. 

36° - - - - 36 which are 1 : 1. 

18° - . - . 144 « « J : 4. 

8i° - - - - 575i « « i : 16. 
It appears that the distances are to one another nearly in the ratio 
of the numbers 1, ^, i, while the corresponding forces are as 1, 4, 
16 ; that is, the force of repuision bettveen ttoo electrified bodies^ at 
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differetU dutancei, variei invendy as the square of the distance.* 
The same law therefore governs the electrical forces as that which 
prevails among the bodies of the solar system. 

697. Analogous experiments prove that attraction obeys the same 
law. Some practical difficulty was experienced by Coulomb, in his 
experiments on attraction, since, when the balls are differently elec- 
trified, as they must of course be in experiments on attraction, they 
will eome together if brought within moderate distances of each other. 
But the law was satisfactorily shown to hold good, at such distances 
as were susceptible of measurement, and the law was farther estab- 
lished by a process totally different from the preceding. It consisted 
in bringing the suspended needle near to an insulated electrified 
sphere, by which it is made to oscillate with greater or less rapidity 
according to its degree of proximity. The number of oscillations, 
in a given time, is a measure of the force of attraction, as the number 
of oscillations of the pendulum measures the force of gravi^, being, 
imiversally, as the square roots of the forces. (Art. 255.) The 
proposition may, therefore, be stated in general terms. 

The force of electrical attraction or repulsion^ at different distances 
from an electrified body^ varies inversely as the square of the distance. 

Rate at which charged bodies lose their electricity. 

698. It is a well kuown fact, that when an insulated conductor, 
charged with electricity, is suffered to remain untouched for a certain 
time, it will gradually lose its charge. Now since, in some of the 
ddicate researches of Coulomb, a considerable time was necessarily 
occupied, the electrified bodies under examination might change 
Aeir degree of excitement during the experiments, and thus give a 
faQacious result. It became important therefore, to ascertain the law 
according to which this dissipation or loss of electricity took place, 
and to make suitable allowance for it. 

699. Three causes chiefly operate in depriving a body under these 
circumstances of its electricity : — ^first, the imperfection of bodies em- 



♦ Biot, Precis Elena, tome I, 482. 
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ployed as iDsulators ; secondly, the contact of successive portions of 
air, every particle of which carries off a certain quantity of the floki} 
thirdly, the presence of moisture, which increases the coocfuctiDg 
powers of all surfaces. (Art. 681.) No suhstance is absolutely im- 
pervious to electrici^ ; that is, there is no substance known of which 
any portion, however small, will insulate perfectly any charge hoir- 
ever great. Still, by diminishing the intensity of the charge, oi 
by increasing the length of the substance it has to traverse, a degree 
of insulation may be obtained in which the escape of the fluid is 
imperceptible. This tendency of electricity to escape from charged 
bodies, is independent of the chemical nature of those bodies, beiDg 
the same, under similar circumstances, for balls of wax, copper, eider 
piih, and various other substances. The same tendency is equDf 
independent of the shape, and magnitude of bodies, unless whoi tbe 
intensity of the charge is high ; in which case, a figure that iovolfes 
points and edges favors the dissipation of the fluid. When bodies 
are highly charged, the electricity is lost with comparative rapidilj; 
more slowly as the charge is less ; and, the air being dry, and tbe 
insulator of a proper length, a certain charge will be retained widi- - 
out further loss.* 

But the chief source of dissipation of the electric charge, arises 
from moisture, either existing in the air, or settling upon the suriiice 
of the insulatmg supports, or imbibed into the fibres of msulatiif 
threads. 

Distribution of Electricity. 

700. Does Electricity reside only at the sur&ces of bodies, or i» 
it expanded throughout the whole of their substance ? Coating a 
conductor with some non-conducting substance, (as a wire with sealr 
ing wax, leaving the ends naked,) does not in the least impede die 
passage of the fluid through it. Indeed, every conductor may be 
considered as really, in this situation, being in contact with a stratom 
of air on every side, which, when dry, is a good non-conductor. The 
conclusion from this fact is, that the passage of the fluid is not con- 
fined to the surface, mathematically considered, but must, at least, 

• Lunn, Encyc. Metrop. 
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occupy the exterior stratum of the conductor. It was found, how- 
ever, by Coulomb, that if, of two bodies of equal surface and simi-i 
lar form, as two equal spheres, one be electrified, and the other be 
brought into contact with it, the electricity will be equally divided 
between them, and that this takes place when one sphere is solid and 
the other hollow, equally as when both spheres are solid. Hence it 
is inferred, that electricity resides only at or very near the surfaces 
ci bodies. 

701. This fact is strikingly illustrated by an experiment, proposed 
by M. Biot.* Let S, (Fig. 125.) represent any spheroid of conduct- 
ing matter, suspended by a thread of some per- 
fectly insulating substance. Let EE be two »S^ l^^- 
caps formed of gilt paper, tin foil, or any other 
conductor, and such that when united, they ac- 
curately fit the surface of the spheroid. An in- 
sulating handle of lac is also attached to each 
of the caps. Now let there be communicated to the ball S, any de^ 
gree of electricity, and then carefully apply to it the two caps, hold- 
ing them by their insulating handles. Upon removing these caps, it 
will be found that every particle of electricity has been abstracted 
firom the spheroid, so that it will no longer affect the most delicate 
dectrometer ; while the two caps will be found, upon accurate trial, 
to have acquired precisely the same quantity of electricity which be- 
fore resided upon the body S. 

702. A proof of this point, equally conclusive, and applicable to 
bodies of every form, was devised by Coulomb. An insulated, solid 
conductor, of any figure, being provided, cavities were dug in it, to 
difierent depths below the surfaces, and in several different places, 
and the body was electrified. A proof plancj as it was called, con- 
sisting of a small circle of gilt paper, to which was attached an insu- 
lating handle of lac, was introduced into these various cavities, and 
applied to the bottom of them. It was then withdrawn, and tested 
by the electrometer, and pot the slightest trace of electricity was in- 



* Precis Elem. tome I, p. 498. 

VoL.n. 15 
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dicated. In these experiments, care was taken to introduce the proof 
plane, in such a way as not to touch the edges of the cavities, or any 
part of the surface, the object being to ascertain whether signs of elec- 
tricity were exhibited at any depth below the surface. The conclu- 
aion was, that there were none, and consequently that the electricity 
of excited bodies resides wholly at the surface. 

703. An experiment, which may be easily repeated, shows how 
much the intensity of an electric charge is affected by the extent of 
surface which it pervades. Let a sheet of tin foil be wrapped ser- 
eral times around an insulated cylinder, which is mounted so as to 
turn horizontally on an axis. Upon unwinding the metallic sheet, 
and thus increasing the extent of electrified surface, an electrometer 
connected with the cylinder will indicate a decline in the intensity of 
the charge, at every successive enlargement of surface. 

704. Although Electricity resides at the surface of an electrified 
body, yet it is not distributed unifanrdy over that surface, except the 
body be a perfect sphere, but is unequally accumulated, in difierent 
parts of the surface, in a manner depend'ing on the figure of the body. 
The principle may be enunciated in general terms, thus : — 

111 canducton of an elongated JigurCj the electridiy is accumvhied 
totffardi the two ends^ and withdravm more or less from the central 
parts. 

Coulomb, in his investigations on this subject, employed the proof 
planef (Art. 702.) the circle of gilt paper being so small as to bear 
no considerable ratio to the surface of the electrified body under ex- 
amination. By touching this plane to difierent points of the surface, 
the plane imbibes the charge belonging to that point, and may be 
made to transfer it to the balls of the electrical balance. (Fig. 123.) 
Then the amount of torsion required to bring the balls to the same 
given distance of each other, will be a measure of the charge com- 
municated to the balls in each case ; that is, the torsions will indicate 
the ratios existing between the difierent charges of electricity, at dif- 
ferent points' in the surface of the body under examination. 
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705. In this manner, Coulomb determined the distribution of dec- 
tricity upon a steel plate, eleven inches long, one inch broad, and 
half a line thick, insulated and electrified. In order to cover the 
breadth of the plate, the gilt paper was made an inch long, but very 
narrow. First, the proof plane was applied to the center of the 
plate, and at one inch from the extremity ; the latter charge was to 
the former as 1.2 to 1, and therefore nearly equal. Secondly, on 
applying the plane quite at the extremi^, the charge was to that at 
the center as 2 to 1. Thirdly, the plane was applied, atone end, to 
the extreme edge, so as to be in contact with both surfaces; in which 
case, the charge was double that of e^ch extreme surface, and of 
course, four times that of the central parts. 

706.' Hence it appears, that the electricity of a conductor, analo- 
gous to the steel plate employed in the foregoing experiments, is 
nearly uniform on all parts of the surface, except the two ends, where 
it becomes twice as great as in the other parts. The rapid increase' 
of electricity towards the extremities, appears also in other bodies of 
an elongated figure ; and the augmentation is the more rapid, as the 
length is greater in respect to the diameter; and when the extremity 
becomes elongated, like the point of a cone, the accumulation at that 
extremity becomes so great, that the resistance of the air is not suffi- 
cient to retain it, and it escapes, producing the electric spark. Hence 
the reason why points, connected with an electrified conductor, dissi- 
pate the fluid so rapidly. 

The limited extent of this work, will not permit us to give a more 
particular account of the researches of Coulomb, carried on by the aid 
of the Torsion Balance ; but we would recommend these researches, 
as detailed by Biot,* to the student of Natural Philosophy, as exam- 
ples of the most refined, ingenious, and conclusive experiments. 
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CHAPTER m. 



OF THE LEYDEN JAH. 

707. TTiis instruineDt, which is a very important and iaterestiag 
article of electrical apparatus, consists of a glass jar, coated on bolh 
■ides with tin foil, except a space on the upper end, 

within two or three inches of the top, which is eidier ^' 

left bare, or is covered wkh a coadng of varnish, or a 
thin layer of sealing wax. To the mouth of the jar is 
fitted a cover of hard baked wood, through the cen- 
ter of which passes a perpendicular wire, terminating 
above in a knob, and below in a fine chain, that rests 
upon the bottom of the jar. On presenting the knob 
of the jar near to the prime conductor of an electrical 
machine, while the latter is in operation, a series of sparks passei 
between the conductor and the Jar, which will gradually grow mora 
and more feeble, until they mil cease aliogether. The Jar is thea 
said to be charged. If now we take the Discharging Rod, (which 
is a crooked wire, armed at each end with knobs, 
and uisulated by a glass handle, as in Fig. 127,) and '^'^ * 

apply one of the knobs to the outer coating of the 
Jar, and bring the other to the knob of the Jar, 
flash of intense brightness, accompanied by a loud 
report, immediately ensues. On applying the dis- 
charging rod a second time, a feeble spark passes, 
being the reaiduary charge, after which all signs of d 
electricity disappear, and the Jar is said to be discharged. 

708. If, instead of the discharging rod, we apply one hand to the 
oulside of the charged Jar, and bring a knuckle of the other hand 
to the knob of the Jar, a sudden and surprising shock is felt, con- 
vulsing the arms, and, when sufficlcnily powerful, passing through 
the breast. 
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709. The Leyden Jar derives its name from the place of its dis- 
covery. In the year 1746, while some philosophers of Ley den 
were performing electrical experiments, one of them happened to 
hold, in one hand, a tumbler partly 61Ied with water, to a wire, con* 
nected widi the prime conductor of an electrical machine. When 
the water was supposed to be sufficiently electrified, he attempted, 
with the other hand, to detach the wire from the machine ; but as 
soon as be touched it, he received the electric shock. It was by 
imitating this arrangement, that the Leyden Jar was constructed ; 
for here was a glass cylinder, having good conductors on both sides, 
viz. the hand on the outside, and water on the inside, which were 
prevented from communicating with each other by the non-conduct- 
ing powers of the glass. A metallic coating, as tin foil or sheet lead, 
was substituted for the two conductors, and a jar for the glass cylin- 
der, and thus the electrical jar was constructed. 

710. Those who first received the electric shock from the Ley- 
den Jar, gave the most extravagant accounts of its efifects. M. Mus- 
cfaenbroeck, a philosopher of Leyden, of much eminence, said that 
**he felt himself struck in his arms, shoulders, and breast, so that he 
lost his breath ; and it was two days before he recovered from the 
effects of the blow and the terror ; adding, that he would not take a 
second shock for the kingdom of France." M. Winkler, of Leipsic, 
testified, that " the first time he tried the Leyden experiment, he found 
great convulsions by it in his body ; and that it put his blood into great 
Agitation, so that he was afraid of an ardent fever, and was obliged 
to use refrigerating medicines. He also felt a heaviness in his head, 
ts if a stone lay upon it, and twice it gave him a bleeding at the nose." 

711. In an age less enlightened tlmn the present, and less familiar 
with the wonders of philosopliy and chemistry, the striking and truly 
surprising efifects of Electricity, as exhibited by the Leyden Jar, would 
naturally excite great admiration and astonishment. Accordingly, 
showmen travelled with this apparatus through the principal cities of 
Europe, and probably no object of philosophical curiosity ever drew 
together greater crowds of spectators. It was this astonishing experi- 
weni, (says Dr. Priestley,) that gave eclat to Electricity. From this 
tinae, it became the subject of general conversation. Every body was 
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eager to see, and, notwithstanding the terrible account that was re- 
ported of it, to /eel the experiment ; and in the same year in which 
it was discovered, numbers of persons, in almost every country in 
Europe, got a livelihood by going about and showing it. All the 
electricians of Europe, also, were inunediately employed in repeat- 
ing this great experiment, and in attending to die circumstances of 
it.* With similar assiduity and unequalled success, Dr. FrankEn 
betook himself to experiments on the Leyden Jar. He eflfectuaD^ 
investigated all its properties, by very diversified and ingenious ex- 
periments, and gave the first rational explanation of the cause of its 
phenomena. The foUowing experiments may be easily repeated. 

712. (1 .) TTie Jar it charged by bringing the knob neenr the prim 
conductor J tohile the machine is in operation. One mode of charg- 
ing the Jar has been already mentioned in Art. 707. It may, how- 
ever, either be held in the hand, or placed on the table, or on aoj 
conducting support : the only circumstance to be attended to is, that 
the outside shall be uninsulated. A Jar, while charging, will some- 
times discharge itself spontaneously. This efiect will be more likeijr 
to happen, if the uncoated mterval is very clean and dry, and maybe 
prevented altogether, by previously breathing on the uncoated part.f 

(2.) The opposite sides of a charged Jar^ are in different ehctricd 
states f the one positive and the other negative. Thus, if a pith ball, 
suspended by a silk thread, be applied to the knob, it will first be at- 
tracted to it, and then repelled ; but it will now be attracted by tbe 
outside coating, until it becomes electrified in the same way, and 
then repelled, aqd so on. 

(3.) In order to receive the charge^ the outside of the Jar must bi 
uninsulated. If we attach a string to the knob of the Jar, and sus- 
pend it, in the air, to the prime conductor, and put the machine in 
operation, no charge will be communicated to tbe Jar. The same 
result will follow, if the Jar stands on an insulating stand,| or is in- 

• Priestley's Hist. Elec. p. 84. t Singer, El. Elec. p. 101. 

X An insulating stand, is any fiat support, insulated by a pillar of 
•glass. The pillar is usually a solid cylinder of glass, from six to 
twelve inches long, varnished so as to protect it from moisture. A 
junk bottle, surmounted by a circular piece of wood dry and vamisb* 
«d, makes a very good insulating support 
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sulated by any other method. An insulated Jar, however, may be 
charged by connecting its knob with the po»tive conductor, and its 
outer coatbg with the rubber.* 

(4.) A second Jar may be charged^ by cammunicaiion with the 
outside of the first, while the latter is receiving its charge. The 
charge communicated to the second Jar, b of the same kind. as that 
of the first, and nearly of the same degree of intensity, provided the 
capacity of the two Jars be the same. Moreover, if a third, a fourth, 
or any number of Jars, of the same size, be connected, in a similar 
manner, with each other ; namely, having the knob of each in com- 
munication with the outside coating of the next preceding, — then all 
the Jars will be charged with the same kmd of electricity, but the 
degree of intensity will decline a litde in the successive Jars. If 
the charge be derived, through the prime conductor, from the cylin- 
der or plate, as is usually the case, it will be the positive or vitreous 
electricity. 

(5.) A Jar may be charged negatively^ by receiving the electricity 
of the rubber, — ^the rubber bemg insulated, and the prime conductor 
uninsulated. For this purpose, the chain usually attached to the 
robber may be transferred to the prime conductor. 

(6.) When two Jars are charged, the one positively and the other 
negatively, on forming a communication between the insides of both, 
by connecting the two knobs, no discharge wiU take place, unless the 
outsides be in conducting communication. Thus, if two Jars be 
charged, the one from the prime conductor and the other from the 
rubber,f and placed at the distance of a few inches from each other, 
on insulated supports, on connecting the two knobs by the discharg- 
ing rod, no discharge will follow ; but, let a wire be laid across the 
supports, touching the out^de of each Jar } then, on applying the 
discharging rod to the two knobs, an explosion will immediately en- 
sue. 

By means of two Jars differently charged, and placed as above, 
\rith their outsides in conducting communication, the experiment 



* Singer, Elem. Elec. p. 106. 

t And both may be thus charged at the same time, by connecting 
one with the insulated rubber, and the other with the insulated prime 
J conductor, the Jars themselves being uninsulated. 
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may be exhibited, which is called the Electrical Spider. It consists 
of a small piece of cork, so fashioned as to represent the body of a 
spider, and blackened with ink, having a number of black linen 
threads drawn through it to represent the legs. This is suspended 
by a silk thread, half way between the knobs of the two Jars, and 
vibrates for a long time from one knob to the other, until both Jars 
are discharged. The rationale will be obvious on a little reflection. 

(7.) Thechargeof any Jar may be ditnded into definite parts; that 
is, the half, the fourth, or any aliquot part of the charge may be ta* 
ken.* This may be done by connecting the inner and outer coating 
ofthe charged jar, with the inner and outer coating of an unelectrified 
jar, of the same size and thickness. The respective charges wiH be 
measured by the quadrant electrometer,f (Fig. 121.) 

(8.) The electricity is accumulated on the surface oftheghus^ ami 
the coatings serve merely as conductors of the charge. This is proved 
by the fact, that when the coatings are movable, so that they can be 
taken off from the jar after it is charged, neither of them exhibits the 
least sign of electricity ; while if another pair of coatings is substi- 
tuted, which have not been electrified, on forming the communication 
between the inside and outside, the usual discharge takes place, 
showing that the whole of the charge was retained on the glass sur- 
faces of the jar. J 

(9.) The charge of a Leyden Jar may be retained for a long time. 
If the surfaces are well separated from each other, the charge re- 
mains for many days or even weeks. The charge is usually dissipa- 
ted by the motion of particles of dust, or other conducting substan- 
ces in the atmosphere, from one of the coatings to the other, or hj 
the uncoated interval becoming moist, and losing its msulating power, 
consequently ajar will retain its charge longer in dry than in damp 
weather. Covering the uncoated part of the jar with melted seal- 
ing wax or varnish, prevents the deposition of moisture upon it, and 
consequently tends also materially to prevent the dissipation of its 
charge.^J 

* Singer, p. 110. 

t It is essential, however, that the electrometer should be gradua- 
ted not by equal decisions, but according to a scale of arcs, the tan- 
gents of which are in arithmetical progression. 

t Singer, p. 112. ^ lb. 116. 
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(10.) A pane of glass ^ a plate of air^ or any other similar electric, 
may be charged to a greater or less degree in a manner analogous to 
that of the Leyden Jar. — If a pane of glass is coated on both sides 
mth a sheet of tin foil, leaving an uncoated interval all round the 
edges for the space of two inches ; — and if we then hold the pane by 
one corner and apply the knuckle to the outer coating, and bring 
the inner coating to the prime conductor, the pane will be charged, 
and may be discharged, by applying the knobs of the discharging 
rod to the opposite metallic coating^;. A plate of air may be char- 
ged in the same manner as a plate of glass ; but as air is more readily 
displaced by electricity, in consequence of the mobility of its parti- 
cles, a thicker stratum of it must be employed. The usual form of 
the experiment is to employ two circular disks of wood covered with 
tiQ foil, and well rounded at the edges, having a diameter of from two 
to four feet. One of the boards is to be placed flat upon a table, 
and the other being suspended by a silk cord from the ceiling, is ad- 
justed so as to hang parallel over its surface, and at the distance of an 
inch or an inch and a half from it. The upper insulated board being 
connected with an electrical machine, the stratum of air between 
the boards becomes charged, and will communicate a shock if the 
upper and lower one be touched at the same time with opposite 
hands. The shock produced in this way is considerably less vio- 
lent than that from an equal surface of coated glass ; for the dis- 
tiQce of the coatings is of necessity much greater, and the medium 
between them less perfectly insulating ; and this last circumstance 
operates so rapidly when the charge is high, that its maximum of 
eflfect cannot be obtained but by making the discharge while the ma- 
ddne is in action. If the discharge is not made, spontaneous explosions 
from one disk to the other, through the intervening plate of air, will oc- 
cur at intervals, as long as the electrization of the upper disk is con- 
tinued. 

(II.) If a coated pane of glass be held vertically, with two of its 
edges parallel with the horizon, and to the upper edges of the me- 
tallic coating two threads be attached directly opposite to each other ^ 
OQ communicating a spark to one of the coatings, the twa threads 
Ml rise forming equal angles with the surface of the glass. On ap- 
flymg a conductor, as the finger, to one of the coatings the thread 
<A that side immediately falls, while the other thread doubles its 
Vol. II. 16 
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angle of elevation ; so that the angles intercepted between the two 
threads, is a constant quantity.^ 

713. Before the learner is qualified to understand the explanation 
of the foregoing experiments, he must become more fully acquainted 
with the law of Induction (Art. 685.) upon which the theory of the 
Leyden Jar depends. 

haw of Induction.^ 

Active electricity existing in any substance, tends always to induce 
the opposite electrical state in the bodies that are near to it. It 
is our object in this section to exhibit this important principle more 
fully than has yet been done in the precedbg pages. 

Let A (fig. 128.) represent an electri- 
fied glass globe, and B a metallic cylin- 
der placed on insulating supports, near to 
the glass globe, but not near enough for a 
spark to pass. To the cylinder, let five 
pairs of pith balls be suspended, by con- 
ducting threads, viz. one pair near each 
end, one near the center, and one about half way between the cen- 
ter and either extremity. We shall find that every pair of pith baDs, 
except those situated at a particular part of the cylinder not far from 
the center, will immediately diverge, indicating the electrical state of 
the part from which they are suspended. Those at either extremity 
diverge most ; and the divergence diminishes as we approach the 
central parts to a certain point, where the pith balls su&r no ef- 
fect, and where, consequently, the body is in its natural state. By 
means of the electrometer (Art. 120.) we may ascertain that the qie- 
cies of electricity is negative, or opposite to that of the glass globe in all 
those parts of the cylinder which are nearer to the globe than the be- 
fore mentioned neutral point ; and that it is positive in all parts of 
the cylinder more distant than this point. We may ascertain iritb 
much greater accuracy these electrical states by the employment of 
the proof plane and electrometer of Coulomb, (Art. 672.) than by pith 

♦Encyc. Metropol. Elec. p. 92. 

t Blot, Precis Elem. tume I. or Library of Useful Knowledge, Art 
Electricitif, 
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balls ; and the results are then found to correspond with the results 
of theory to be stated hereafter. 

714. These efiects, it should be remarked, are simply the result 
of electrical action at a distance ; for they depend upon no other cir- 
cumstance. They take place in an equal degree whatever sub- 
stance is interposed between the bodies which are exerting this ac- 
tion on one another, provided the interposed substance undergoes no 
change in its own electrical state ; a condition which is fulfilled in 
electrics, or non conducting bodies only. Thus induction will take 
place just as effectually through a plate of glass, as if no such sub- 
stance had intervened. 

Let us now suppose that the acting body A is not glass, or any 
electric, but a conducting body, a sphere of copper for example, 
charged with positive electricity, and insulated on a glass support. 
The primary effects of this sphere on the cylinder will be the same 
as in the former case ; but the electi:ical state which the cylinder has 
acquired at the end adjacent to the globe, will react upon the elec- 
tricity of the globe, tending to put it into a state still farther opposite 
to its own, that is, to render the nearer parts of the globe positive in a 
bigber degree than they were before. This can be done only at the 
expense of the other side of the globe, which thus becomes less pos- 
itive than before. But this new distribution of the electric fluid in 
the globe, by increasing the positive state of the side next to the cyl- 
ioder, tends to augment its inductive influence upon the fluid in the 
cylinder ; that is, to drive out an additional quantity of the fluid from 
the negative to the positive end. This is followed in its turn by a 
corresponding reaction on the globe, and so on, constituting a series 
of smaller adjustments, until a perfect equilibrium is established in 
every part. When this has been attained, the electrical states will, it is 
evident, be of the same kind as those consequent upon the immediate 
•ctions, though somewhat increased in intensity by the series of re- 
actions. 

715. The following experiment is a practical illustration of the 
preceding remarks. Furnish the copper globe with a pair of pith 
ImAIs on each of two opposite sides. When the globe is insulated 
ukI alone, any electricity communicated to it, will difl[use itself equal- 
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ly over the surface, and both pairs of balls will diverge equally* But 
on bringing near to it a conducting body, the balls on the remoter 
side will immediately begin to collapse, while those at the nearer 
side diverge to a greater degree than before ; thus showing the na- 
ture of the reflex operation of the induced electricity of the oondiM> 
tor, upon the body from which the induction originated. 

It should be recollected, that in all the changes we have thus traced 
as the effects of induction, there has been no iranrfer of electrid^ 
from either of the bodies to the other ; as might be inferred iron 
their taking place equally well when a plate of glass is interposed. 
Another proof is afforded by the cu-cumstance, that the mere re- 
moval of the bodies to a distance from one another, is sufficient to 
restore each of them to its original state. The globe remains as 
positively electrified as before ; the cylinder returns to its conditioD 
of perfect neutrality ; nothing has been lost and nothing gained oa 
either side. The experiment may be repeated as often as we please, 
without any variation of the phenomena. But this would not be the 
case if the cylinder were divided in the middle, and one or both of 
the parts were removed separately, while they still remained under 
die influence of the globe. The return of the electric fluid from the 
positive to the negative end being thus prevented, each part will re- 
tain, after its separation, the electricity which had been induced upon 
it. The nearer portion will remain negative ; the remoter portion 
positive. If the division had been in three parts, the middle part 
only would have been neutral. The experiment may be made by 
joining two or more conductors endwise, similar to B, Fig. 128, 
so that they may act as a single conductor when placed near to the 
electrified globe, and, after induction has thus been produced,- re- 
moving them separately, and examining their electrical states. If 
the number of conductors be three, the first will be found negative 
the third positive, and the second neutral. 

716. Another modification of effect will take place when an in- 
sulated conductor, rendered electrical at both ends by induction, is 
made to communicate with another insulated conductor. Let us first 
suppose that a long metallic conductor is brought into contact with 
the remote end of the first cylinder B, Fig. 128, which has been ren- 
dered positive by induction. The fluid accumulated at this end wiU 
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now puss into the conductor, and will remove to the most distant part 
of it. The transit will take place before actual contact, and will be 
manifested by the appearance of a spark, when the bodies are brought 
within the striking distance. The removal of this portion of fluid to 
a greater distance, will occasion a disturbance in the equilibrium that 
had before been established. The repulsion which that fluid had ex- 
cited, and which had contributed to prevent any more fluid from 
being propelled from the negative end, is now considerably weaken- 
6d by the greater distance at which it acts ; and more fluid will leave 
die negative end, which end will consequently become more highly 
negative. This change of distribution will again occasion a further 
effect by its reaction on the fluid in the globe whence the action origi- 
nally proceeded ; and another series of changes and adjustments will 
(dlow, until a new condition of equilibrium takes place, and then the 
fluid will be at rest. 

717. Thus we learn that the effects of induction in a conductor 
are augmented by increasing its length ; they would, therefore, be 
greatest of all, if we could give it infinite length : but the same con* 
dhion is attainable by placing the conductor in communication with 
ihe earth, which mil carry off all the fluid which the electrified body 
10 capable of expelling from the nearest end. Accordingly, if we 
touch with the finger, or with a metallic rod held in the hand, the 
remote end of an insulated conductor under the influence of induc- 
tioBy we obtain a spark more or less vivid according to the intensity 
of the electricity so induced ; and the conductor so touched has now 
only one kind of electricity, namely, the one opposite to that of the 
electrified body which is acting upon it. The part touched is brought 
into a state, in which it appears to be neutral, as long as it remains in 
the vicinity of the electrified body ; because the actions of the re- 
dundant fluid, and unsaturated matter in the two bodies, exactly bal- 
ance one another. But it all the while really contains less fluid than 
its natural share, in consequence of the repulsive tendency of the 
fluid in the body which produces the induction ; and this negative 
state will readily become active, if the conductor that has been touch- 
ed be again insulated, and then removed from the influence of the 
Ibnner. This peculiar condition of a body, in which its parts are 
realty undercharged or overcharged with fluid, although, from the 



126 ELECTRICITY. 

action of electrical forces derived from bodies in its vicinity, a state 
of equilibrium is established, and no visible effect resulta, has been 

denominated by Biot disguised electricity. 

* 

718. We have hitherto supposed the acting body to be positively 
electrified ; but precisely the same effects would happen with regard 
to degree, although opposite as to the species of electricity, if it had 
been negatively electrified : and the same explanations will in every 
respect apply, with the requisite substitution of the terms negative for 
positive, and of attraction for repulsion, and vice versa. A little re- 
flection will also show the application of the theory of double elec- 
tricities to explain the same phenomena. Calling the electricity of 
the globe vitreous instead of positive, and substituting the term reitii- 
aut for negative, we then say that the vitreous electricity of the globe 
drives off the similar electricity from the contiguous end of the cylin- 
der, and attracts to it the resinous fluid. This again attracts the vit- 
reous fluid from the remoter parts of the globe to the nearer surface; 
and thus, the vitreous and resinous, instead of the positive and am- 
ative fluids act and re-act on each other. 

719. Another consequence of the induction of electricity must not 
be overlooked, namely, that the bodies between which it takes place, 
necessarily attract one another : for the mutual action between the 
contiguous surfaces of the globe and the cylinder^ (F'g* 128.) which 
are in opposite electrical states, exceeds that of the remoter surfaces 
of those two bodies which are in the same electrical state, because 
the latter surfaces are more distant from each other than the former, 
and the force of electrical action is inversely as the square of the 
distance. Hence the attractive force always exceeds the repul- 
sive. We have already seen (Art. 685.) that this circumstance 
sufficiently explains the fact, that conducting bodies previously neu- 
tral, are attracted by electrified bodies. Another fact, which ap- 
pears more singular, and which cannot be accounted for on any other 
principle, is also a direct consequence of the law of induction. K 
a small insulated body weakly electrified, be placed at a distance from 
another and larger body, more highly charged with the same species 
of electricity, it will, as usual, be repelled ; but there is a certain dis- 
tance, within which if it be brought, attraction will take place instead 
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of repulsion. This happens in consequence of the inductive influ- 
ence producing so great a change in the distribution of electricity, 
as to give a preponderance to the attractive forces of the adjacent 
parts of the two bodid^, over the repulsive forces that take place in 
the other parts, and which would have acted alone if the fluid had 
been immovable* 

720. From the foregoing principles it will be easy to understand, 
how induction may operate through a succession of conductors, which 
are all of them insulated except the last ; and which are separated 
from each other by distances greater than that at which a transfer of 
electricity would take place. If under such circumstances, the first 
be electrified, alternate states of opposite electricities will be produ- 
ced in the two ends of each conductor in succession. In all the ends 
ncmrest the first body, the electricity will be of the opposite kind to 
ifaat with which the first has been charged ; in the other ends it will 
be of the same kind as that of the first body. The vicinity of these 
opposite electricities, will tend powerfully to retain them in that con- 
dition, and will diminish their electric action on surrounding bodies. 
A large portbn of the electricities so arranged and retained, is, there- 
fore, m the condition designated by the term disgvised electricity.*^ 
{Art. 717.) 

The principles of inducticfn developed in the preceding articles, 
gerve to explain a number of the most curious and intricate phenom- 
ena of electricity, among which are those of the Leyden Jar ; to 
this instrument, therefore, let us now return. 

Theory of the Leyden Jar* 

721. Upon what principle does this instrument receive and retain 
such an accumulation of the electric fluid ? The answer is, because 
the two surfaces of the jar mutually augment each other*s capacities, 
upon the principle of induction. To trace the operation of this prin- 
ciple a little more particularly, let us observe what takes place while 
ajar is charging from the prime conductor of the electrical machine. 
And, first, suppose the jar is insulated : a spark passes to the inner 



* Lib. of Use. Knowl. Art. Electricity. 



128 ELECTRICITT. 

surface, and electrifies it positively. The inner surface now stands 
in the same relation to the outer, that the globe in figure 128, stands 
to the cylinder; that is, it tends to drive oflT the electricity of the 
same kind, and, in the same proportion, to attract the electrici- 
ty of the opposite kind. But as the fluid cannot escape from the 
outer surface, (the jar being insulated) it of course remains to op- 
pose the farther accumulation of the similar fluid on the inner sur- 
face. But, secondly, suppose the jar uninsulated, its outer coat- 
ing having free communication with the earth. A spark passes to 
the inside as before and electrifies, positively, the imier coatiog. 
This repels the similar electricity from the outer coating, and renders 
the outside negative. Being negative, it re-acts by induction, (as the 
nearer surface of cylinder, in Art. 713.) on the inside and attracts to 
it a still greater charge, which is supplied by the prime conductor. 
This additional charge acting in the same manner on the outside, ren- 
ders it more highly negauve than before, in consequence of which, it 
attracts to the inside, a still farther charge of electricity from the 
machine. This series of actions and re-actions between the two 
surfaces of the jar, proceeds, in a diminishing series, imtil each sur^ 
face becomes too feeble to exert any further influence on the other, 
and the jar is then charged. 

Substituting the terms vitreous and resindaiffbr positive and nega- 
tive, as in Art. 718, we may easily itllfte the foregoing explanatkxi 
conform to the supposition of two fluids. 

722. For the purpose of making the theory of the Leyden Jar 
familiar, we may now recur to the experiments mentioned in Art. 
712, and attempt the explanation of them. 

In the structure of the Jar, we recognise the operation of the prin- 
ciple of induction. Here, an uneleclrified body (the outer sur- 
face) is brought very near to an electrified body, (the inner surface,) 
without the possibility of communicating with each other, on account 
of the non-con ducting properties of the glass. The nearer the two 
surfaces can be brought to each other, the more powerful is the ef- 
fect of induction, that effect being inversely as the square of the dis- 
tance. Accordingly, the thinner the jar, the more powerful is the 
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cbai^e it will receive ; but the danger of breaking prevents our em- 
ploying such as are very thin.* 

To trace the process of charging a jar a little more minutely, let 
us suppose the jar connected with the prime conductor of an elec- 
^cal machine, from which a spark is communicated to the inner 
coating. This, according to the principles of induction, expels a 
similar quantity of the same fluid from the opposite unelectrified sur- 
face, and renders that negative, in the same degree as the inside is 
positive. Being negative, it increases the attraction of the inner sur- 
face for the opposite species of fluid, and another spark is received, 
which again expels an additional quantity of the same species of fluid 
from the outside, and thus the two surfaces continue to act upon each 
other reciprocally, though with constantly diminishing power, until 
the jar is charged. 

The reason also is plain, why the outside of the jar must be un- 
insulated ; since it is only in such case, that the foregoing process of 
induction can take place ; and we readily see why a series of jars 
may be charged, from the portion of electricity which is expelled 
from the outside of the first jar. 

723. When a jar is charged negatively from the rubber, just the 
opposite process in all respects takes place, the outside becoming posi- 
^ve by induction, and re-acting upon the inside. The case men- 
tioned in Art. 712, (6.) where two jars differently charged, cannot 
be discharged except their outer surfaces be in conducting commu- 
nication, will be readily understood ; for it is impossible for the equili- 
brium to be restored by the union of the electricities on the inside, 
while the outside remains electrified. If we could suppose this to 
teke place for a moment, and the electricity within to be restored to 
^ natural state, it would again be immediately decomposed by the 
inductive influence of the electrified coating without. 

724. The phenomena of the Leyden Jar, may be equally well 
plained, by substituting the terms vitreous and resinous, instead of 

• The writer of this Treatise, had a large jar constructed of very 
^b glass : it took an extraordinary charge, and when discharged 
©ive a report like that of an ordinary Battery ; but it was fractured 
^y the first experiment. 

Vol. II. 17 
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positive and negative, on the supposition of two fluids, since the prnH 
ciples of induction apply equally well to both hypotheses. Thus, it 
is as easy to suppose that the resinous electridty is induced upoD the 
outside by the attraction of the vitreous electricity within, as it is lo 
suppose that the outside becomes negative by the loss of a p<NrtioD ef 
its natural share; and the necessity of the outer surface being uoii^ 
sulated, is as apparent in the one case as in the other. But we re- 
serve the discussion of the comparative merits of these remarkaUt 
hypotheses, until the learner shall have become familiar with a great 
variety of electrical phenomena* 

The Eleeirophorus and Canderuer. 

725. The Electrophorus is an instrument, which has the m- 
gular property of affording an inde6nite quantity of electricity, tar 
the charging of a jar, or for any other purpose, while it is itself 
charged only in a slight degree, and yet suffers no loss in conse- 
quence of what it imparts. According to the principles of InductioD, 
whenever an uninsulated body falls under the influence of a body 
which is electrified and insulated, it is put into the opposite state of 
electricity, as is the case with the outside of a Leyden Jar. Now, 
if we insulate the body while it is under this influence, and then re- 
move it from the sphere of influence, it will still retain the portico of 
electricity which was induced upon it; and, since an electrified body 
does not lose any portion of electricity by the influence it exerts oo 
unelectrified bodies, on the principle of induction, it is plain, that by 
this means we may derive an indefinite quantity of the fluid from an 
excited body, and transfer it to a jar, without diminishing the degree 
of excitement in that body. 

726. The construction of the Electrophorus is as follows. A round 
metallic plate (A) called the sohj (usually of brass,) is placed on an 
insulating support. A similar plate (B) furnished with a glass haodte} 
is called the cover. A thin cake of resin,* of the safhe figure and 

* Made by melting together equal weights of shell lac, resin and 
Venice turpentine. 
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dimensioDS, is laid upon the sole. This cake being beaten with a 
furred surface, as a cat's skin, becomes charged with Degative elec- 
tricity. (Art. 677.) If we now bring near to it the cover, taking 
bold of the latter by the glass handle, ihe electricity of the metallic 
plate (B) baa its equilibrium disturbed by the electrified body, which 
teaia to expel its resinous and to attract its vitreous fluid. If there- 
fore we give exit to the former, the plate will become poutively elec- 
trified. This we may do by touching the plate (B) with the finger, 
while it is near the resinous cake ; then on wtthdrawiog the finger it 
iriU retab its charge, which may be transferred to the knob of a Ley- 
deo Jar, and the same process may be repeated any number of times, 
until the Jar becomes chained. By using a glass plate, instead of the 
cake of resin, we may obtain a ramilar charge of negative electricity, 
die species of fluid aflbrded by iaduciion being always the opposite 
of that of the excited body. 

The Elecirophorus has been known to retain its power undimin- 
ished for months, and may therefore be regarded as a sort of maga- 
xioe of electricity. 



737. The Condenseb is an instrument designed to collect very 
feeble degrees of electricity, (feeble in consequence of being spread 
over a lai^e surface,) and so to condenie it into a small compass as lo 
render it sensible. It depends, like the Electrophorus and Leyden 
Jar, wholly on the principle of Induction. 

One out of the numerous forms of instrumenla of this description, 
will serve as an illustration of the principle : the utility of these in- 
genious contrivances for operating on weak portions of electricity, 
has been very much diminished in consequence of the wonderful 
teufflbility of the Torsion Balance. 



728. To the metallic cover of a gold leaf 
«lectroraeter, is attached a small disk of metal 
A, and on an insulating support, at a small dis- 
tance from tlie electrometer, is placed a similar 
tnetallic disk B. The glass support BC has a 
joint at C, by means of which the disk B may be 
turned away from the disk A, or brought close 
to it, at pleasure. Let the substance whose 



Fig. 129. 
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electricity is to be reDdered sensible by the Condenser, be phoedii 
contact with the cover of the Electrometer, and of course in ooib- 
munication with the plate A. Now, were not the fluid in the fpm 
body in a very weak state, it would be manifested by the divergeose 
of the gold leaves ; but, by the supposition, it is in too weak a mte 
to produce any effect on (hem. But on bringing the plate B cloie 
to A, and touching it with the finger, the series of actions and reic- 
tions, explained in Articles 713, 714, &z;c. commences between tbe 
two plates, in consequence of which the capacity of each is greatlf 
augmented. Then, on withdrawing again the plate B and dischargirf 
its electricity, it is brought anew to the vicinity of A, to be acted 
upon still more powerfully, in consequence of the electricity wbicfa 
it had previously acquired, and to act upon A, reciprocally, with 
greater energy tlian before. After repeating this process a great 
number of times, and finally separating the two disks, the gold leaves 
will diverge to a greater or less distance, according to the amount of 
fluid accumulated. 

As the power of Induction is inversely as the square of the disk 
tance of the two bodies under its influence, it is desirable to bring 
the plates as near to one another as possible, without sufiering a spark 
to pass. The plates, therefore, are sometimes covered with a coat 
of varnish, or protected by a very thin plate of glass. 



CHAPTER IV. 



OF ELECTRICAL LIGHT. 



729. Light, we have seen, is not a constant attendant of electrical 
phenomena. Indeed, until noticed by Otto Guericke, it was not 
known to have any relation to electricity. 

Electrical light appears whenever the fluid is discharged^ in con* 
siderable quantity^ through a resisting medium. 
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scordiDgly, no light is perceived when electricity flows freely 
igh good conductors ; but if such conductors suffer any intemip- 
as by the intervention of a space of air, or even of an imperfect 
uctor, then the attendant light becomes manifest. 

»0. We shall best learn the properties of the electrical spark, by 
ding to a variety of experiments in which it is exhibited.* 
glass tube rubbed with black sUk^ which has been smeared with 
le electrical amalgam^ will yield copious sparks and flashes of 
The tube should be warm, dry, and smooth, and of a size not 
:han two feet in length, and three fourths of an inch in diameter. 
he electrical machine^ when in vigorous action^ affords bril" 
circles and streams of light. In order to render the light af- 
d by turning the machine abundant, several practical expedients 
ecessary. All parts of the machine must be dry and warm, (but 
ot.) It is useful to rub very freely the glass plate or cylinder, 
an old silk handkerchief. Black spots or lines that collect on 
lass, especially when the amalgam is new, are to be carefully 
id off, and should dust or down collect on the anialgam of the 
3r, this must be removed. The action of the cylinder will be 
ased by the following process : smear the bottom of the cylinder 
a thin coat of tallow ; then turn the machine until the tallow is 
ken up by the rubber and flap. The pores of the flap will then 
me filled with tallow, it will apply itself more closely to the cyl- 
, and the supply of electricity will become more copious. A 
Boient method of recruiting the action of the machine, is to coat 
;ular disk of paste board or leather with amalgam, and to apply 
he glass plate or cylinder while the machine is turning, 
the chain be removed from the rubber to the prime conductor, 
lat the former shall be insulated and the latter uninsulated, on 
log the ends of the fingers near the rubber, a stream of diluted 
will pass between the fingers and the rubber. 

1. The lengthj color j and form of the electric sparky varies with 
Uure of the conductors between which it passes^ and with that of 
edium interposed between them. 

XL experiments on electrical light, the room is supposed to be 
They appear to best advantage in the night. 
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Electrical sparks are more brilliant in proportion as the sabatances 
between which they occur are better conductors. A spark received 
from the prime conductor upon a large metallic ball, is short, straight) 
and white ; on a small ball it is longer, and zigzag ; received od the 
knuckle, a less perfect conductor, it is purplish or reddish ; on wood, 
or ice, or a wet plant, or water, it is red. Moreover, a longer spark 
can be obtained from a small ball, attached to the prime conductor 
by a wire five or six inches long, than from the prime conductor itself; 
and the longest, and most zigzag spark is obtained when the knob of 
a Leyden Jar is presented to a similar brass ball attached to the prime 
conductor. From a point positively electrified, the fluid passes m the 
form of a brush or pencil of rays ; a point connected vrith the neg- 
ative side, exhibits a luminous star. 

A metallic chain connected with the prime conductor, becomes iSa- 
minated at the points where two links join, and at other points where 
the conducting powers of the metal are impaired by rust, or wb^re 
roughnesses occur. If the chain have been previously corroded, 
artificially, by dipping it into a* solution of salt, or a strong acid, and 
suffering it to remain until the outside has become rusty, the exp^- 
ment will be more striking. When the chain is so good a conductor 
as to afford a ready passage to the fluid, the light will be produced 
more abundantly if the remoter end of the chain be held by the dis- 
charging rod, so as to msulate it; or it may be attached to any other 
insulating support. 

732. The electric spark passes^ with iricreased fadlityj iiro^h 
rarefied air ; and the distance to which it toUl pass between two eon- 
ductors^ is augmented as the rarefaction is made more complete* 

Instead of the distance of five or six inches, which is the limit of 
die spark from the prime conductor of an ordinary machine in the 
open air, the spark will pass through the space of eighteen inches or 
more, in an exhausted receiver. If a pointed wire, terminadng in a 
knob above, be introduced into the lop of a tall receiver, and the re- 
ceiver be placed on tlie plate of the air pump, on connecting the knob 
of the wire with the prime conductor, and turning the machine, a 
brush of light only will appear at the extremity of the wire ; but, on 
exhausting the air, this brush will enlarge, varying its appearance and 
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becoming more diffused as the air becomes more rarefied, until at 
length the whole receiver is pervaded by a beautiful bluish light, 
changing its color with the intensity of the transmitted electricity, and 
producing an effect which with an air pump of considerable power, 
is pleasing in the highest degree.* 

When a charged jar is placed under the receiver of an air pump, 
as the exhaustion proceeds, a luminous current flows over the edge of 
the jar from the positive to the negative side, until the equilibrium is 
restcved. 

733*. Electric light exhibits a very beautiful appearance, as it 
passes or fiowi^ through the Torricellian Vacuum. The color 
18 of a very delicate bluish or purple tinge, and the light per- 
vades the entire space. But the most pleasing exhibitions of this 
kind, are made by forming an artificial atmosphere of vapor in the 
Torricellian tube. Ether or alcohol, passes into the state of vapor, 
when the pressure of the atmosphere is removed ; and accordingly, 
QiD introducing a drop of one of these fluids into the Torricellian va- 
cuum, it immediately evaporates and fills the void. If, now, a strong 
spark be passed from the prime conductor through this vapor, the 
spark will exhibit various colors : in ether, it is an emerald green, or 
mingled red and green ; in alcohol it is red or blue ; but the colors 
vary somewhat with the distances at which they are seen. 

734. Sir Humphry Davy performed a number of experiments, 
on the passage of electricity through a vacuum, of which an account 
is given in Philosophical Transactions for 1822. He succeeded in 
forming a Torricellian vacuum quite free from air, but in such cases, 
a small portion of the mercury itself is converted into vapor, and from 
ibis he could not free the empty space. In all cases when the mercuri- 
al vacuum was perfectiy free from air, it was permeable to electricity, 
and was rendered luminous by either the common spark, or the shock 
from the Leyden Jar. But the degree of the intensity of this phe- 
Domenon depended upon the temperature. When the tube was very 
hot the electric light appeared in the vapor of a bright green color, 
and of great density. As the temperature diminished, it lost its viv- 

* Singer, 
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idDess, and wheD it was artificially cooled to 2(P below zero, it was 
80 faint as to be Tisible only in the dark. In all cases, where the mi- 
nutest quantity of rarefied air was introduced into the mercurial va- 
cuum, the electric light, changed from green to sea green, and by 
increasing the quantity of air, it changed to blue and purple* Also 
when the temperature was low, the vacuum became a much better 
conductor. 

A more perfect vacuum was formed by means of melted metals, 
as tin, of a more fixed nature than mercury, and therefore not Gable 
to impair the vacuum by vapor of their own. A vacuum being made 
by means of fused tin, the electric light at temperatures below zero, 
was yellow, and of the palest phosphorescent kind, requiring almost 
absolute darkness co be perceived ; nor was it perceptibly increased 
by heat. When the temperature was diminished, the electrical light 
(transmitted through vapor of mercury) diminished also till the tem- 
perature was reduced to 2(P ; but between 20^ and — 20^ it seemed 
stationary. 

Unless the electrical machine was very active, no light was visible 
during the transmission of electricity; but that the electricity passed 
was evident, from the luminous appearance of the rarefied air, in 
other parts of the tube. 

From these and various similar experiments related by Davy, it 
seems demonstrated, that electricity is capable of passing through a 
perfect vacuum, but that the light emitted depends upon the vapor 
or air through which it passes, and that if the vacuum were perfect, 
no light whatever would appear.* 

In condensed air^ on the contrary, the spark passes with greater 
difficulty than ordinary. In such case, also, its whiteness, and bril- 
liancy are augmented, and its course is zigzag. These appearances 
are even exhibited by passing the spark through confined air, of only 
the ordinary density. 

735. The colors of the sparJf, are pleasingly varied by passing it, 
in a condensed form, as in the Leyden Jar, through media of difier- 
ent kinds. The experiment is performed by making the given body 



* PhiL Trans. 1822, or Thomson, Qutlines, p. 470. 
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form a part of the circuit of communication, between the mside aod 
outside of the Leyden Jar. A ball of ivory in this situation exhib- 
its a beautiful crimson ; an egg, a similar color, but somewhat lighter; 
a lump of sugar, gives a very white light, which remains for some 
time after the spark has passed ; and fluor spar exhibits an emerald 
green light, or, in some cases, a purple light, which also continues to 
glow in the dark for some seconds. The great intensity of the light is 
shown by the strong illumination which the sparks in the jar communi- 
cate to bodies slightly transparent. Thus an egg has its transparency 
greatly increased ; and if the thumb be placed over the space which sep- 
arates the two conducting wires that communicate with the two sides of 
the jar respectively, the illumination is so powerful, that the blood ves- 
sels and interior organization of the organ may be distinctly seen. 

736. Metallic conductors, if of sufficient size, transmit electrici^ 
i^itbout any luminous appearance, provided they are perfectly con- 
tinuous ; but if they are separated in the slightest degree, a spark 
will occur at every separation. On this principle, various devices are 
formed, by pasting a narrow band of tin foil on glass, in the required 
form, and cutting it across with a pen knife, where we wish sparks 
to appear. If an interrupted conductor of this kind be pasted round 
a glass tube in a spiral direction, and one end of the tube be held in 
the hand, and the other be presented to an electrified conductor, a 
brilliant line of light surrounds the tube, which has been called the 
spiral tube, or diamond necklace. By enclosing the spiral tube in a 
larger cylinder of colored glass, the sapphire, topaz, emerald, and oth- 
er gems may be imitated. Words, flowers, and other complicated 
ibrms, are also procured nearly in the same manner, by a proper dis- 
position of an interrupted line of metal, on a flat piece of glass. 

737. The light of the electric sparky is not a constituent part of 
eUctricity, but arises from the sudden compression of the air^ or other 
medium through which it passes. 

It is well known, that air is capable of affording a spark by sudden 

compression. There is a kind of match constructed on this princi- 

pte, in which a small portion of air contained in a close cylinder, be- 

^g suddenly compressed by forcing down a piston, yields a spark 

*^fliclent to light a quantity of tinder at the bottom of the cylinder. 

ToL.n. 18 
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Now it is found by actual experiment, that electricity has the power 
of condensing air. This fact is shown by means of a small instrument 
called Kinnersley's Air Thermometer. It consists of p; jgjj^ 
s glass tube, closed air tight st the two ends hy brass 
caps, through each of which passes a movable wire, 
terminated within by a smalt ball. Through the low- 
er cap is inserted a small glass tube open at both ex- 
tremities, and turned upwards parallel to the cylin- 
der. Into this tube is introduced a quantity of water 
sufficient to cover the bottom of the cylinder, and of 
course to rise a litde way into ihe tube. The two 
balls being set at some distance from each other, and 
a spark from the Leyden Jar being passed between 
them, the air wilhin is suddenly rarefied, and the water 
ascends in the tube, and again descends, when tbe ex- 
plosion is over. This sudden rarefaction of a portion of 
air before tbe electric spark, must cause a sudden and powerful cchd- 
presuon in the portions of air immediately adjacent. The immense 
velocity of the spark must greatly increase the resistance, and d 
course tbe force of compression. This appears to be an adequate 
cause for the production of the light that accompanies the electric 
discharge, and hence we conclude, that light is not inherent b tbe 
fluid itself. The greater density and brilliancy of the spark in coa- 
densed air, and its feebleness and difiliseness in a rarefied medium, are 
facts which accord well with the supposed origin ; and the zigzag 
form of the spark when long, or when passing through condensed tat, 
is well explained by the same theory. For the electHc fluid m its 
passage through the air, condenses the air before it, and thus meeB 
with a resistance which turns it off laterally ; in this direction it is 
again condensed, and has ils course again changed ; and so on, until 
it reaches the conductor towards which it is aiming. The zigzag 
form of lightning is accounted for on this principle.* 

Electrical light is found by optical experiments, to have precisely 
tbe same nature with the light of the sun, being like this resolved into 
various colors by the prism, and possessing other properties, to be de- 
scribed under the head of Optics, which ideniify it with s<4ar light. 



' Biot, Trail4 de Phys. tome 3.— Encyc. Metropol. Art. j 
trieity. 
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CHAPTER V. 



OF THE ELECTRIC BATTERY. MECHANICAL AND CHEMICAL AGEN- 
CIES, AND MOTIONS OF ELECTRICITY. EFFECTS OF ELECTRICITY 

ON ANIMALS. 



738. An electric battery consists of a number of Ltcyden jars so 
combined^ that the whole may be either charged or discharged at once. 

Very large jars cannot be obtained ; it is rare to find one more than 
two feet high, by one and a half in diameter. Yet some of the me- 
chanical effects of electricity, to be described hereafter, require a 
much greater accumulation of the fluid than can be obtained from any 
single jar. The battery is constructed as follows. Large jars, 
twelve or fourteen inches high, by five or six inches in diameter, are 
coated like ordinary Leyden jars. Twelve of these constitute a bat- 
tery sufficiently powerful for most purposes, but the power of the 
battery may be carried to an indefinite extent by increasing the num- 
ber of jars. When the number is twelve, they are placed four in 
a row in a box, the bottom of which is coated with tin-foil, by means 
of which the outsides of the jars are all in conducting communication. 
Each jar is separated from the rest by a slight partition of wood. To 
connect the insides of the jars, their knobs are joined by large brass 
wires. It is obvious, therefore, that the battery is equivalent to a 
single jar of enormous size, comprehending the same number of 
square feet. 

The object of the battery is to accumulate a great quantity of the 
electric fluid, which is in proportion to the extent of surface : the in- 
tensity^ or elastic force, as indicated by the quadrant electrometer, 
is no greater in the battery when charged, than in a single charged 
jar. The battery, like the common jar, is charged by bringing the 
inside into communication with the prime conductor of an active and 
powerful electrical machine :* it is discharged, as usual, by forming 

* As the process of charging a large battery is tedious and labori- 
ous, it has been proposed to charge each jar saccessively, afler that 
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Fig. 131. 



a connexion between the inside and outside, commonly by naeaas of 
the discharging rod. 

739. To measure the intensity of the electrical charge, an appa- 
ratus is employed called Cuthberion*8 Balance Electrometer^ Fig. 
131. It consists of a metal 
rod, about thirteen inches 
long, terminated by balb and 
balanced on a knife-edged 
center, in the manner of a 
scale beam. One arm of 
the balanced rod is gradua- 
ted, and has a slider upon it, 
which, when placed at differ- 
ent distances from its ful- 
crum, loads the arm with a 
proportionate weight from 
one grain to sixty. The 
graduated end of the balance 
rests upon a similar brass 
ball, which is supported by a bent metal tube from the same in- 
sulating stand ; and at four inches below the opposite extremity, 
another insulated ball is placed, which is to be connected with the 
outside of ajar or battery. Now if the metallic support of the bal- 
ance be connected with the conductor, or the inner coating of the 
jar, and this last be electrified, there will be an attraction between tbe 
extremity of the balance and the lower insulated ball, because they 
are connected respectively with the opposite surfaces of the jar ; and 
when the force of this attraction exceeds the weight With which the 
opposite arm is loaded, the attracted arm of the balance will descend, 
and discharge its electricity on the lower insulated ball. The power 
of the attraction is always proportioned to the intensity of the charge; 
and as, in this instrument, the attraction has to overcome a resistance 
proportioned to the weight with which the balance Is loaded, that 




which is immediately connected with the prime conductor, by means 
of the electricity expelled from the outside of the first, as is explained 
in article 712, (4.) — Encyc. Melrop. Art. Electricity. 
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reight becomes a proper comparative measure of ihe intensity of 
ny required charge. The quadrant electrometer, attached to the 
op of the instrument, is useful to indicate the progress of the charge, 
IS that is not shown by the action of the balance itself.* 

Electrical batteries indicate only the intensity of the accumulated 

electricity, that is, its deviation from a state of natural distribution ; 

the quantity can be inferred only from the comparative extent of 

the charged surface, or estimated by an examination of its effects, 

and is therefore by no means accurately appreciable. 

The largest machine and battery hitherto constructed, were made 
for the Teylerian museum, at Haarlem. It consists of two circular 
plates of glass each five feet five inches in diameter. The prime con- 
ductor consists of several pieces, and is supported by three glass pil- 
lars, nearly five feet in length. The force of two men is required 
to work the machine ; and when it is required to be put in action 
for any length of time, four are necessary. 

At its first construction nine batteries were applied to it, each hav- 
ing fifteen jars, every one of which contained a square foot of coated 
glass ; so that the grand battery, formed by the combination of all 
these, contained one hundred and thirty five feet. As examples of 
the great power of the Teylerian machine, we may mention the fol- 
lowing : it charged a Ley den jar by turning the handle half round, — 
a charge which the jar would receive, and lose by discharging itself 
spontaneously, eighty times in a minute. A single spark from the con- 
ductor melted a considerable length of gold leaf. A spark, or zigzag 
stream of fire would dart from the prime conductor to a neighboring 
conductor to the distance of ten feet. A wire three eighths of an 
inch in diameter, was found to be insufficient to transmit the whole 
charge of the prime conductor, but the wire would give small sparks 
to a conductor brought near it. The sphere of influence (Art. 684.) 
extended to the distance of forty feet, so as sensibly to affect the pith 
ball electrometer. The spider web sensation (or that peculiar sen- 
sation resembling that of the spider's web) which is experienced by 
holding an excited glass tube to the face, was felt by bystanders to 
the distance of eight feet from the machine.* 



Singer, p. 137. t Cavallo, Complete Treatise, Vol. II. 
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Mechanical Effects of Electricity. 

740. The sound produced by an electric discharge^ is ascribed to 
the sudden collapse of the air^ which has been displaced by the passage 
of the electric fluid. 

Hence the sound is greater in proportion to the quantity and inten- 
sity of the charge. A battery, when fully charged, gives a loud 
explosion. 

741. Imperfectly conducting substances, through which a poweiful 
electric charge is passed, are torn asunder unth more or less violence, 

A large Leyden Jar is sufficient for exhibiting some of these me- 
chanical effects : others require the power of the Battery. When 
the charge is passed through a thick card, or the cover of a book, a 
hole is torn through it, which presents the rough appearance of a bur 
CD each side. By means of the Battery, a quire of strong paper 
may be perforated in the same manner ; and such is the veloci^ 
with which the fluid moves, that if the paper be freely suspended, 
not the least motion is communicated to it.^ (See Art. 264.) Pieces 
of hard wood, of loaf sugar, of stones, and many other britde non- 
conductors, are broken or even torn asunder with violence, by a 
powerful charge from the battery. If two wires be introduced into 
a soft piece of pipe clay, and a strong charge be passed through 
them, the clay will be curiously expanded in the interval between 
the wires. 

The expansion of fluids by electricity is very remarkable, and 
productive of some singular results. When the charge is strong, no 
glass vessel can resist the sudden impulse. Beccaria inserted a drop 
of water between two wires, in the center of a solid glass ball of two 
inches diameter ; on passing a shock through the drop of water, the 
ball was dispersed with great violence. In like manner, by the sud- 
den expansion of a small body of confined air, strongly electrified, 
explosions may be produced, and bodies that resist its expansion are 

• Singer. 
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projected with violence. Even good conductors, when minutely di- 
vided, are expanded by electricity. "Thus, mercury, con6ned in a 
capillary glass tube, will be expanded with a force sufficient to splin- 
ter the tube. 

Chemical Effects of Electricity. 

742. By means of Electridtyj more or less accumulated^ a variety 
of chemical effects may be produced; such as the combustion of inflame 
mable bodies^ the oxidation, fusion, and even combustion of metals, 
the separation of compounds into their elements, or the union of ele- 
ments into compounds.* 

Ether and alcohol may be inflamed by passing the electric spark 
through them ; nor is the effect diminished by communicating the 
spark by means of a piece of ice or any other cold medium. The 
finger may be conveniently employed to inflame these substances. 
Phosphorus, resin, and other solid combustible bodies, may be set 
OQ fire by the same means ; gunpowder and the fulminating powders 
may be exploded ; and a candle may be lighted. Gold leaf and fine 
iron wire may be burned, by a charge from the battery. Wires of 
lead, tin, zinc, iron, copper, platina, silver and gold, when subjected 
Co the charge of a very large battery, bum with expbsion and are 
converted into oxides.f 

The same agent, moreover, is capable of reviving these oxides ; 
that is, restoring them to. the state of pure metals. By a similar 
contrariety of properties, water is decomposed into its gaseous ele- 
ments, and the same elements are reunited to form water ; and the 
constituent gases of atmospheric air are, by passing a great number 
of electric charges through a confined portion of air, converted into 
nitric acid. 



• The chemical agencies of electricity are much more powerful and 
<ixtensive as exhibited by the Galvanic apparatus, than by the common 
Electrical Machine. 

t Singer, p. 185. 
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Motions of the Electric Fluid. 

743. The velocity of the electric fluid is apparently instantaneous, 
A circuit of four miles has been formed, by means of wire, betweoi 
the inside aord outside of a Leyden Jar, and no perceptible interval 
was occupied during the discharge. Analog, however, would lead 
us to believe that Electricity, like light, is progressive in its motion^ 
but that it moves with a velocity too great to be measured, except 
for intervals of immense extent.^ 

744. The dectricfluidf in its route^seleetsthebest conductors. The 
Leyden Jar may be discharged with a wire held in the hand, with- 
out the insulating handle used in the Discharging Rod ; since metal- 
lic wire is a better conductor than tlie hand, and the fluid will take 
its route through that in preference to the hand. But if a woodeo 
discharger be substituted for the wire, the shock will be feb, ^oce 
animal substances are better conductors than wood. It is necessaiy 
to remark, however, that when the charge is very intense (ur the 
quantity great, as in the Battery, then some portion of the fluid \?iB 
escape from the discharging wire and pass through the hand. Id 
such cases, therefore, it is prudent to make use of the Discharpig 
Rod. 

Lightning, in striking a building, usually takes a course which indi- 
cates the preference of the fluid for the best conductors. 

745. The electric fluid mil sometimes take a shorter route through 
a worse conductor^ in preference to a longer route through a better 
conductor. The spark will pass through a short space of air, instead 
of following a small wire thirty or forty feet.f The preference of 

* The velocity of light appears to be instantaneous, for such dis- 
tances as four miles ; but when such intervals are taken as the diame- 
ter of the earth's orbit, light is found to have a progressive velocity 
of 192,500 miles per second. If, therefore, electricity actually moves 
with a progressive velocity like that of light, still the time occupied 
in traversing the space of four miles would be inappreciable, since it 
would equal only about j^^^^y part of a second. 

t Singer, 
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the shorter route is sometimes indicated in taking the electric shock. 
While one person is receiving the shock from the Leyden Jar, an- 
other may grasp his arm without feeling the least effect from the 
charge. 

746. The course of the charge is frequently determined by the 
influence of points^ either in dissipating or in receiving the fluid. 
Sharp points connected with the best conductors, greatly favor the 
dispersion of the fluid during its passage, and sharp pointed con- 
ductors draw the charge towards them, from a great distance around. 
The finest needle, held in the hand towards the knob of one of the 
jars of a charged Battery, will silently discharge it, in a few seconds; 
and if we apply one hand to the outside of a Leyden Jar, and with 
the other bring a fine needle to the knob of the Jar, only a compara- 
tively feeble shock will be felt, the charge being rapidly dissipated 
while the needle is approaching the knob. 

Effects of Electricity upon Animals. 

lAl. We have already several times incidentally adverted to the 
tiJiiock communicated to the animal system, when it is brought into 
the electric circuit, so that the charge passes through it. We now 
propose to consider diis interesdng part of the subject more par- 
ticularly. 

748. The Electric Shock is received, whenever the animal system 
is made a part of the conducting communication, between the inside 
and outside of a charged Leyden Jar. A convenient method of ad- 
ministering the shock, is to place the charged jar on a table, resting 
immediately on a metallic plate,^ as a plate of tin, lead, or copper ; 
then grasping a metallic rod in each hand, touch one of them to the 
plate and the other to the knob of the Jar, and a sudden convulsion 
of the limbs or the breast will be experienced, more or less violent 
according to the strength of the charge. The effect is greatly height- 

* It is safer to employ sach a plate than to bring the conducting rod 
immediately into contact with the outside coating of the Jar ; for, in 
such case, persons unaccustomed to receive the shock, are apt to over- 
turn the Jar and break it. 

Vol. n. 19 
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ened by feelings of dread or apprebension, and it maj be resisted to 
a considerable degree by a voluntary eflfort. A slight charge afiecti 
only the fingers or the wrists j a stronger charge convulses the large 
muscles above the arm-pits ; a sull greater charge passes throu^ 
the breast and becomes in some degree painful. Electricians, how- 
ever, have frequently adventured upon charges sufficiently powerful 
to convulse the whole frame. 

749. The shock may be communicated to any number of persons 
at once. This is usually effected by their joining hands, while the 
first in the series holds one of the metallic rods, (Art. 748.) with 
which he touches the plate or outside of the jar, and the last in the 
series holds the other rod, with which he touches' the knob of the 
Jar, at which instant the whole number receive the shock at the same 
moment, and that however extenave the circle of persons may be. 
The Abbe Nollet, a celebrated French electrician, gave the shock, 
at OBce, to one hundred and eighty of the king's guards, and to all 
tbe members of a convent, (who formed a large community.) All 
gave a spring, at the same moment."^ The strength of tbe shock, 
however, is somewhat diminished by passing through a long circuit, 
some portion of the fluid being dissipated on the way. The coa- 
nexion, instead of being made by taking hold of hands, may be 
formed between any number of persons A, B, C, D, 8z;c. as follows: 
A may touch his foot to the foot of B ; B may take the hand of C, 
who may touch the foot of D ; then each of the company will feel 
the shock in one arm and one leg, showing that the fluid pursues 
the most direct course, agreeably to Art. 745. 

750. If the discharge from two square feet of coated surface be 
made to pass through the region of the diaphragm, a sudden con- 
vulsive action of the lungs produces a loud shout. A smaller charge 
produces a violent fit of laughter, even in the gravest persons. A 
very strong charge, passed through the diaphragm, produces involun- 
tary sighing and tears, and sometimes brings on a fainting fit.f The 
charge of a large battery is sufficient to destroy human life, especially 
if it be received through the head. By standing on the Insulatn^ 
Stoolf which is a stool with glass feet, a person becomes an insulated 

* Priestley, p. 97. 

t Encyc. Metrop. — Morgan's Lectures. — Singer's Elements. 
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conductor, and may be electrified like anjr otber insulated coDductor. 
A cornmunication being made with the Machine, the fluid peiradei 
the system, but excites hardly any sensation except a prickling of 
the hair, which at the same time rises and stands erect; for the 
hairs, being similarly electrified, mutually repel each other. 

751. While in this situation, the human ^stem exhibits the aame 
phenomena as the prime conductor when charged ; that is, it attracU 
light bodies, gives a spark to conductors brought near it, and commu- 
nicates a slight shock to another person who receives the spark from 
it. Indeed, the same shock is felt by both parties. 

By means of the insulating stool, the most delicate shocks may be 
^ven ; for the charge may be drawn ofi' from any part, by imperfect 
conductors. Thus, a pointed piece of wood will draw off the charge 
from the eye, in a manner so gentle, as to secure that tender organ 
against any possibility of injury. By a variety of conductors, of dif- 
ferent powers, and by points and balls, the sensadons may be accom* 
modated, with much delicacy, to the state of the patient, or lo th? 
nature of the affected part. 

753. The shock may be communicated direcdy to any individual 
part of the system, without afiecting the other parts, by making that 
part form a portion of the electric circuit, between the inside and 
outside of a Leyden Jar. Thus, let it be required to electrify an 
arm. Two director!, (consisting of wires lerminaung in brass knobs, 
and insulated by glass handles,) are connected by chains with the 
knob, and the outside coating of a charged Jar ; then on applying 
one of the directors to the hand, and the other to the naked shoulder, 
die arm is convulsed. In cases where the patient requires oaly a 
moderate shock, the charge is regulated by a contrivance attached to 
the Jar called Lane'3 Discharging Etectrome- pj- igg^ 

ter, represented in Fig. 133. Sis a stick of 
solid glass; B, R, two brass knobs, connected 
by a wire, which slides back and forth in such 
i way that it may be set at any required dis- 
tance from the knob of the Jar. If the ball B 
1>« set in contact with the knob, then on touch- 
ing (he ball and the outer costing of the Jar, 
the entire charge of the Jar is received ; but 
^y removing the baU B firom the knob, th« half, 
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fourth, or any aliquot part of the charge, may be taken at first, and 
afterwards the remainder may be taken by sliding the wire nearer 
to the Jar. 

753. It has already been mentioned, that life may be destroyed 
by strong electrical charges. Experiments have been made with the 
view of investigating the nature of this destructive action. Dr. Van 
Marum of Haarlem, selected for this purpose eels, which, as Is weD 
known, retain signs of irritability when cut into three, four or six parts, 
and even when deprived of their heads. The eels employed in 
these experiments, were a foot and a half in length, and the shock 
was conveyed through the whole body. They were instantly killed, 
and never moved afterwards. They were immediately skinned, and 
trial was made by pinching, pricking, &c. but no traces of irritabili- 
ty remained. When the shock was made to pass through individual 
parts, for example tlie head, these alone lost their irritability, while 
the rest retained it. When the head was kept free from the shock, 
the remaining parts only were paralyzed.* 

It had been remarked that whenever animals had been killed by light' 
ning, the process of spontaneous putrefaction ensued with unusual ra- 
pidity. This subject was examined by M. Achard of Berlin, by numer- 
ous experiments. From these it appeared that electricity accelerates 
putrefaction, since it was found that animals recently killed, and ani- 
mal substances, such as raw beef, became putrid much sooner when 
electrified. General credit is given to the foregoing experiments, 
but it seems easy to account for the increased tendency of milk to 
sour, and of meal to become putrid, during a thunder storm, from the 
effects of heat and moisture, which are known and adequate causes 
of these phenomena. 

754. Soon after the discovery of the Leyden Jar, commenced 
the application of Electricity to Medicine ; and Medical Electricity, 
became thenceforth a distinct branch of the science. The first cure 
said to have been effected by this agent, was upon a paralytic 
Electricity shortly became xeiy celebrated for the cure of this dis- 
order, and patients flocked in great numbers to the practitioners of 



* Nicholson's Jour. 8. 319 — Encyc. Mctrop. Art. Electricity* 
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bis braDch of the profession. As uwal, the eflfects of this new 
emedy were greatly exa^erated^ and h was widely eztoDedy not 
ody for the cure of palsy, but of all other diseases.* It was ereo 
pretended that the virtues of the most valuable medicioes might be 
transferred into the system through the medium of eiectncity, pre- 
serving their specific properties io the same maoner as wheo takeo bj 
vny of the stomach. Preparations of th'is kind were called Mtdkaied 
IViei. Pavati, an Italian, and Winkler, a German, were especiallj 
celebrated for this species of practice. The nKxle was to eocloie 
the medicines in a glass tube, then to excite the tube, and with it to 
electrify the patient. In this way, it was said, tbe heaCng virtues of 
tbe medicines were communicated to tbe system in a manoer at ooce 
efficacious and agreeable.f 

755. Pretensions so extravagant could ooc long be sustained, aod 
the natural consequence was that the use of electricity b n>edieip< 
soon fell into great neglect, and has remained in this situatioo to tbe 
present time. There are however, certain properties inbereot m ibis 
agent, which deserve the attention of tbe enligfatened pbysidao, aod 
inspire the hope that, in judicious bands, it may stifl be auxiSa/j to 
the healing art. First, the great activity of this agent, |»rt:<:t*iar* 
ly the facility and energy with which it can be made to act upco tbe 
nenrous system, indicate that it has naturally important f elatioos u> 
medicine. The power of bebg applied, locally, to a.'nr jnrt of tb^ 
system, render it a convenient application in ca^es where other Vm:^ 
remedies cannot be administered. Secondly, the ar;kry>3rj«dged 
properly of electricity to promote the circulation of fluids throfi^ 
capillaiy tubes. Art. 691. (7.) sv^etis the probability of its bein; 
efficacious in promoting the circulation of the fluids of tbe Uilm^ tjv 
tern, and in increasing the quantity of insen&ible p^srtpiru^'Xi, T}iirdh^ 
in tbe history of medical electricity are recorded well itie*i/A cureji, 
effected by means of electricity, of such ditcas^ ai (^'^Ji n0*:'isMi»ff9^ 
gout, indolent tumors, deafness, and a variety of out^r ii]v/r4tn,l 



♦ Priestley, p. 409. t Priwtley, lllj, 

i See Priestley's History of Electricity, pp. 14Msnd 40%— HfAjr^^/'t 
ESements, p. 292— Phil. Transactions, jxunm — Eoeyr. M^r'^j'*/!* 
ana. Eke. 106— Cavallo, Complete Treaiutf VoL % 
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CHAPTER VI. 



OF THE CAUSE OF ELECTRICAL PHENOMENA. 



766. For the sake of convenience, and for ihe purpose of avoit 
ing repetition and circumlocution, we have made occasional use of the 
phrase electric fluid. It may be proper now to inquire whether Acre 
are any just grounds for supposing such a fluid or fluids to be present 
in electrical phenomena. 

There are two modes by which the existence of such a fluid may 
be rendered probable : the first is, by showing that such a suppositkn 
is conformable to the analogy of nature ; the second is, by proving 
that the agent of electrical phenomena exhibits the properties of a 
fluid. • 

767. First, there are some reasons derived from analogy for leHa- 
ing in the existence of an electric fluid, (1.) The reasons in fav* 
of supposing that light and heat are caused by the agency of pecufiar 
fluids, (arguments, however, that we cannot discuss here,) which 
have induced a general belief, are for the most part equally applicable 
to electricity. (2.) In the present stale of our knowledge, the most 

" subtile of all fluids, indeed the most attenuated form of matter, is hy- 
drogen gas, of which one hundred cubic inches weigh only two and a 
quarter grains, which is nearly fourteen times lighter than common air. 
But at no distant period, means had not been devised by mankind for 
proving the materiality of common air, nor even of identifying the 
existence of the other gases, which now bear so conspicuous a part 
in experimental philosophy. But as knowledge and experimental 
researches have advanced, a series of fluids still more subtile than 
air, have come to light, until we have reached a body nearly fourteen 
times lighter than air, at which, at present, the series stops. Is it 
probable, however, that nature stops in her processes of attenuation 
precisely at the point where, for want of more delicate instruments, 
or more refined and powerful organs of sensation, our methods of 
investigation, and powers of discrimination come to their limit ? An 
exanfination of the general analogies of nature, will lead us to think 
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itherwise« The subordinatian which exists imong the 
Masses of bodies diat compose the other depatmenis of 
sndless, or at least iodefinhe. In the animal ci e ai ioD, far 
begmning with the mammoth or the elephant, we d cjcend i h i iwih 
numerous tribes to the insect which is barelf visible in the anBheaoi. 
Before human ingenuiqr had devised means of aiding the pofwers of 
mofOy the naturalist mi^ have fixed this as die Emii of the annal 
cfation. Bat the invention of the m icf oecope has caiiied die lange 
oihuman vision inmieasmahly fiutber ; and at eacb soc 
provement in^tbat instrument, new tiibes of insects or 
lm\ been revealed to the eye, still more and more att en ua te d, A 
timillf subordination might be faond in the v^etahle kin^ora, aid 
in the organic structure of both animals and vegetables. 

To apply this analogy to the case befare ns, we begin the series 
of inorganic bodies with platinum, and descend duourii chases of 
bodies constantly diminishing in density, until we come to ether, 
the lightest of liquids, and oo the confines of those bodies which are 
inviaihie to the eye, and manifested only by the efiects which thej 
produce. By modem discoveries the series has been extended to 
hydrogen, a body two hundred and far^ seven thousand times lighter 
than pklinom. Here for the present we pause, standing in the same 
relation with respect to any fluids that may lie beyond, that the an- 
cients stood with reqiect to common air, and aD the other aerifarm 
flmds. > 

Considerations of this nature lead us to believe that there are, ib« 
nature, fluids more subtile than hydrogen ; and, such being the (act, 
we can hardly resist the belief, that Heat, Light and Electricity, are 
bodies of this class, — bodies which make themselves known to us by 
the most palpable and energetic effects, ahhougb their own constitv- 
tioD is too subtile and refined for our organs to recognise, or our in- 
stnunents to identify them as material. 

758. Secondly, in addition to the foregoing presumptions, in favor 
of the supposition that electricity b a peculiar fluid, ii exhibiis in iisdf 
tie properties of a fluid. The rapidity of its motions, the power of 
being accumulated, as in the Leyden Jar, its unequal distribution over 
the surfaces of bodies, (Art. 704.) its power of being confined to 
be surfaces of bodies by the pressure of the atmoqihere, its attrac* 
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tioos and repulsions, are severally properties which we can harcDj 
ascribe to any thing else than an elastic fluid of the greatest teniHly. 
But granting the presence of an elastic fluid in electrical phe- 
nomena, it remains to be determined whether, according to the hy- 
pothesis of Franklin, these phenomena are to be ascribed to the 
agency of a single fluid, or whether, according to that of Du Fay, 
they imply the existence of two distinct fluids. The numerous facts 
with which the learner has been made acquainted in the preceding 
pages, will fit him to appreciate the evidence oflfered in favor of or 
agamst these hypotheses respectively. 

759. The principles of each hypothesis have been already ex- 
plained, (see Art. 675.) and they have been rendered familiar hj 
repeated application. It will be recollected, that they concur in 
suppoising that all bodies are endued with a certain portion of elec- | 
tricity, called their natural share, in which the fluid, whether sin- 
gle or compound, is in a state of perfect equilibrium ; and that, in 
the process of excitation, this equilibrium is destroyed. But here 
the two views begin to diverge : the one supposes that this equiU- ; 
brium is destroyed in consequence of the separation of twojbddif | 
which, like an acid and an alkali combining to form a neutral salt, 
exactly neutralize each other by mutual saturation, but which, when 
separated, exhibit their individual properties; the other, that the equi- 
librium is destroyed, like that of a portion of atmospheric air, by great- 
er or less exhaustion on the one side, or condensation on the other. 
In the former case, moreover, the equilibrium is restored by the re- 
union of the two constituent fluids ; in the latter, by the movement 
of the redundant portion to supply the deficient, as air rushes into 
the exhausted receiver of an air pump. 

It is a remarkable fact, that nearly every electrical phenomenon, 
may be perfectly explained in accordance with either hypothesis; 
nor is it agreed, that an experimentum cruets* has yet been found.f 



* The " experimentum crucis," is a phrase introduced by Lord Ba- 
con, implying a fact which can be explained on one of two opposite 
hypotheses, and not on the other. The figure is derived from a eross 
set up where two roads meet, to tell the traveller which road to take. 

t Lib. Useful Knowl. 
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760. Ooe of the latest advocates of the hypothesis of a siogle 
fluid is Mr. Singer,^ an able practical electrician, and the most dis- 
tiDguished defender of the doctrine of two fluids is M. Biot.f In 
support of the fornaer doctrine, are offered such arguments as the 
following. (1.) Its greater simplicity. It is supposed to be more 
conformable to the Newtonian rule of philosophizing, " to ascribe 
no more causes than are just sufficient to account for the phenome- 
na." The known frugality of nature, in all her operations, might 
lead us to suppose, that she would not employ two agents to effect a 
given purpose, when a single agent would be competent to its pro- 
duction. This argument, however, cannot be applied, either where 
one cause is not sufficient to account for the phenomena, or where 
there is direct proof of the existence of more agents than one. 
(2.) The appearance of a current, circulating from the positive to 
the negative surface, analogous to the passage of air of greater 
density into a rarefied space. This point is much insisted on by 
Singer, and numerous examples are brought forward, where the pro- 
gress of such a current is manifest to the senses. Thus, the flame 
of a candle, brought into the circuit between the inside and outside 
of a Leyden Jar, is, on the discharge of the Jar, bent towards the 
segative side ; a pith ball, under similar circumstances, moves in the 
same direction ; when a charged Jar is placed under the receiver of 
an air pump, and the air is exhausted, a luminous cloud flows from 
the positive to the negative side, in whichever way the Jar is electri- 
fied. None of these arguments, however, are found to be conclu- 
sive ; for the mechanical effects, which are here ascribed to an elas- 
tic fluid, that is, the elecuric fluid, flowing towards the negative side, 
can all be accounted for, either upon the principles of attraction and 
repulsion, common to both hypotheses, or from the mechanical im- 
pulse of a current of air, which is known to be repelled from a point 
positively electrified. The electric spark passing instantaneously, or 
at least with a velocity entirely inappreciable, it is impossible to deter- 
nune its direction. 






* Elements of Electricity and Electro-Chemistry, by Qeorge John 
Singer. London: 1814. 

t Traite de Physique, tome II. 
Vol. n. 20 
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The fact that bodies negatively electrified repel each others (Art. 
676.) is a strong argument against the truth of the hypothesis under 
consideration. It is not difficult to conceive that a self repellent fluid 
should communicate the same property to two pith balls in which it 
resided ; but that the mere deficiency of the fluid should produce the 
same eflfect is incredible. This fact drove jSSpinus, (a celebrated 
German electrician, who brought this hypothesis to the test of math- 
ematical demonstration,) to the necessity of supposing that vnelectri' 
fied matter is self repellenty — a supposition which is not only desti- 
tute of proof, but which is inconsistent with the general laws of nature, 
from which it appears that attraction and not repulsion exists mutu- 
ally between <fll kinds of bodies. In the distribution of electricity 
upon surfaces difiering in shape and dimensions, the fluid is found to 
arrange itself in strict accordance with hydrostatic principles, and 
that too in bodies negatively as well as positively electrified. Now 
that the privation, or mere absence of a fluid, should exhibit such 
properties of a present fluid, is inconceivable. 

761. In favor of the doctrine of two fluids the following arguments 
are urged. (1.) T\oo opposite currents are supposed to be some- 
times indicated. Thus, (Art. 741.) a card perforated by a strong 
electric discharge, exhibits burs or protrusions on both sides. The 
appearance of the electric spark, passing between two knobs, is sup- 
posed by some writers to indicate the meeting of two fluids from op- 
posite parts. When the spark is short, the whole distance between 
the two knobs through which it passes, is illuminated. But when the 
spark is long, those portions of it which are nearest to the knobs, are 
much brighter than the central portions. Near the knobs the color 
is white, but towards the center of the spark it is purplish. Indeed, 
if the spark is very long, the middle part of it is not illuminated at 
all, or only very slightly. Now this imperfectly illuminated part, is 
obviously the spot where the two electricities unite, and it is in con- 
sequence of this union, that the light is so imperfect.* (2.) The 
two electricities are characterized by specific differences. The light 
aflbrded by the vitreous surface is different from that of the resinous; 



Thomson, 
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hen the two opposite portions of the spark meet, as above, the place 
f tneeting is only half the distance from the negative that it is from 
lie positive side ; the bur protruded from the card is larger in the 
lirectioD of the vitreous than in that of the resinous fluid ; and the 
two severally produce certain chemical efiects in bodies which are 
peculiar to each. (3.) But the most conclusive argument in favor of 
ivro fluids, is the perfect manner in which this supposition accounts for 
tbe dUtribuiion of electricity on bodies of difierent dimensions. (See 
Arts. 700 — ^706.) On the hypothesis, that electrified phenomena are 
owing to the agencies of two fluids^ both perfectly incompresBtble^ the 
fartides of which possess perfect mobility j and mutually repd each 
other ^ while they attract those (^ the opposite fluids mlh forces vary- 
ing in the inverse ratio of the squares of the distances^ — on this hy- 
pothesis, M. Poisson, a celebrated mathematician of France, applied 
the exbaustless resources of the calculus, to determine the various 
tooditions which electricity would assume in distributing itself over 
spheres, spheroids, and bodies of various figures. The results at 
which he arrived were such as accord in a very remarkable degree 
with experiment, and leave little doubt that the hypothesis on which 
they were built must be true. Nor is any supposition involved in the 
bjpothesis itself inconsistent with established facts. (4.) Finally, 
tnthority is, at the present day, almost wholly on the side of the doc- 
trme of two fluids, — an opinion which has constantly gained new ad- 
herents with every new discovery in the science of electriciQr, par- 
ticularly in the department of Galvanism. 



CHAPTER VII. 



OF ATMOSPHERICAL ELECTRICITY.—THUNDER STORMS.— LIGHT- 
NING RODS. 



762. Having learned the laws of electricity from a great variety of 
experiments, the student is now prepared to look upoa^the works of 
N'ature, and to study the phenomena which the same agent produces 
here on a most extensive scale. 
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ened by feelings of dread or apprebensioo, and it maj be resisted to 
a considerable degree by a voluntary efibrt. A slight charge afiects 
only the fingers or the wrists ; a stronger charge convulses the large 
muscles above the arm-pits ; a still greater charge passes through 
the breast and becomes in some degree painful. Electricians, how- 
ever, have frequently adventured upon charges sufficiently powerful 
to convulse the whole frame. 

749. The tkock tnay be communicated to any number of pentm 
at once. This is usually effected by their joining hands, while the 
first in the series holds one of the metallic rods, (Art. 748.) with 
which he touches the plate or outside of the jar, and the last in the 
series holds the other rod, with which he touches' the knob of the 
Jar, at which instant the whole number receive the shock at the same 
moment, and that however exten«ve the circle of persons may be. 
The Abbe Nollet, a celebrated French electrician, gave the shock, 
at oBce, to one hundred and eighty of the king's guards, and to all 
tbe members of a convent, (who formed a large community.) All 
gave a sprmg, at the same moment.* The strength of the shock, 
however, is somewhat diminished by pasdng through a long circuit, 
some portion of the fluid being dissipated on the way. The con- 
nexion, instead of being made by taking hold of hands, may be 
formed between any number of persons A, B, C, D, &;c. as follows: 
A may touch his foot to the foot of B ; B may take the hand of C, 
who may touch the foot of D ; then each of the company will feel 
the shock in one arm and one leg, showing that the fluid pursues 
the most direct course, agreeably to Axt. 745. 

750. If the discharge from two square feet of coated surface b^ 
made to pass through the region of the diaphragm, a sudden con^ 
vulsive action of the lungs produces a loud shout. A smaller charg^ 
produces a violent fit of laughter, even in the gravest persons. J^ 
very strong charge, passed through the diaphragm, produces involun^ 
tary sighing and tears, and sometimes brings on a fainting fit.f Th^ 
charge of a large battery is sufficient to destroy human life, especially 
if it be received through the head. By standing on the Instdatin^ 
Stooly which is a stool with glass feet, a person becomes an insulatetf^ 

* Priestley, p. 97. 

t Encyc. Metrop. — ^Morgan's Lectures. — Singer's Elements. 
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te, the string of which was insulated by silk lace. A cloud was 
rer head, and the electricity began to be abundant with which be 
barged a pair of Leyden Jars. In order to prevent any accideni 
^hich might arise from too great an accumulation of the fluid, be 
riflhed to take off the insulating silk and to connect the string imme- 
diately with the ground. For tliis purpose, he took hold of the string 
uid detached it from its support. ^' While I effected this, (says he,) 
^hich took up less than half a minute of lime, I received about a 
dozen or fifteen very strong shocks, which I felt all along my arms, 
in my breast, and legs ; shaking me in such a manner, that I had 
hardly power enough to effect my purpose, and to warn the people 
ig the room to keep their distance."* Professor Rich Abu, of Peters- 
burgh, a distinguished devotee of our science, fell a victim to his 
temerity. He had constructed an apparatus for observations on atr 
mospherical electricity, which was entirely insulated, and had no con- 
trivance for discharging it when electrified too strongly. On the 6th 
of August, 1753, he was examining the electricity of this apparatus, 
in company with a friend : while attending to an experiment, his 
head accidentally approached the insulated rod, when his attendant 
observed a globe of blue fire, as he called it, as big as his fist, jump 
from the rod to the head of the professor, which, at that instant, was 
«boat a foot from it. M. Rich man was killed instantly : a red spot 
was left on his forehead, his shoe was burst open, and part of his 
waiscoat singed ; his companion was benumbed, and rendered sense- 
leas for some time ; the door case of the room was split, and the door 
torn off its hinges. 

765. The most powerful apparatus ever employed for atmospher- 
ical electricity, was constructed in France by M. de Romas. He 
procured a kite seven feet long and three feet wide, and elevated it to 
the height of five hundred and fifty feet. A cloud coming over, the 
most striking and powerful electrical phenomena presented them- 
selves. Light straws that happened to be on the ground near the 
string of the kite, began to erect themselves, and to perform a dance 
between the apparatus and the ground, after the manner of dancing 
images, as exhibited in ordinary electrical experiments. Art. 691. (5.) 

— ■ ■ ■ ■ ■ ■ I r» ■' 

* Cavallo's Complete Treatise on Electricity, U, fl2» 
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At length streams of fire began to dart to the ground, some of which 
were an inch in diameter, and ten feet long, exhibiling the mdtt 
terrific appearance. 

The foregoing facts evince the abundance of electricitj in the atf 
mosphere at particular periods ; but experiments of a less formida- 
ble kind have been instituted, to ascertain the electrical changes of 
the air. For this purpose, Mr. Canton, an English philosopher, con- 
structed an ingenious apparatus which warned him of the presence 
of any unusual quantity of electricity, by causing it to ring a bell 
connected with the lower extremity of the apparatus. 

766. Obvi&s as is the connection between the phenomena of com- 
mon electrical apparatus, and those exhibited in the heavens during 
a thunder storm, yet the identity of lightning with the electric qpark, 
was not dreamed of by the earlier electricians. To Dr. Franklin, 
is universally conceded the merit of having established this fact, first 
by reasoning on just principles of analogy, and afterwards by actual- 
ly bringing down the lightning from the skies. The resemblance be- 
tween the appearances of lightning and electricity, were thus enti- 
merated. 

(1.) The zigzag form of lightning corresponds exactly in appear- 
ance with a powerful electric spark, that passes through a considera- 
ble interval of air. 

(2.) Lightning most frequently strikes such bodies as are high aod 
prominent, as the summits of hiUs, the masts of ships, high trees, 
towers, spires, &c. So the electric fluid, when striking from one 
body to another, always passes through the most prominent parts. 

(3.) Lightning is observed to strike most frequently into those sub- 
stances that are good conductors of electricity, such as metals, water, 
and moist substances ; and to avoid those that are non-conductors. 

(4.) Lightning inflames combustible bodies; the same is efifected 
by electricity. 

(5.) Metals are melted by a powerful charge of electricity : this 
phenomenon is one of the most common effects of a stroke of lightning. 

(6.) The same may be observed of the fracture of brittle bodies. 

(7.) Lightning has been known to strike people blind : Dr. Frank- 
lin found, that the same effect is produced on animals, by a strong 
electric charge. 
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(.8.) Lightning destroys animal life : Dr. Franklin killed turkies 
if about ten pounds weight, by a powerful electric shock. 

(9.) The magnetic needle is affected in the same way by light- 
ling and by electricity, and iron may be rendered magnetic by both 
causes. The phenomena therefore are strictly analogous, and differ 
Dnly in degree ; but if an electrified gun barrel will give a spark, and 
produce a loud report at two inches distance, what effect may not be 
expected from 10,000 acres of electrified cloud ? But (said Frank- 
lin,) to ascertain the accuracy of tliese ideas, let us have recourse 
to experiment. Pointed bodies receive and transmit electricity with 
facility ; let therefore a pointed metal rod be elevated into the atmos- 
phere, and insulated ; if lightning is caused by the electricity of the 
clouds, such an insulated rod will be electrified whenever a cloud 
passes over h ; this electricity may be then compared with that obtain- 
ed in our experiments.* 

767. Suchwerethe suggestions of this admirable philosopher; ihey 
soon excited the attention of the electricians of Europe, and having 
attracted the notice of the King of France, the approbation he express 
sed excited in several members of the French Academy, a desire 
to perform the experiment proposed by Franklin, and several insula- 
ted metallic rods were erected for that purpose. On the 10th of 
May, 1762, one of these, a bar of iron forty feet high, situated in a 
garden at Marly, became electrified during the passage of a stormy 
cloud over it ; and during a quarter of an hour, it afforded sparks, 
by which jars were charged, and other electrical experiments per- 
formed. During the passage of the cloud, a loud clap of thunder 
was heard, so that the identity of these phenomena was thus com- 
pletely proved. Similar experiments were made by several electri- 
cians in England. 

768. Doctor Franklin had not heard of these experiments, and 
was Waiting the erection of a spire at Philadelphia to admit an op- 
portunity of sufficient elevation for his insulated rod, when it occur- 
red to him that a kite would obtain more ready access to the re- 
gions of thunder than any elevated building. He accordingly ad- 
justed a silk handkerchief to two light strips of cedar, placed cross- 

_ — — — *— a ' 

• Singer. 
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wise ; and having thus formed a kite, with a tail and loop, at the ap- 
proach of the first storm, he repaired to a field accompanied by his 
son. Having launched his kite with a pointed wire fixed to it, he 
waited its elevation to a proper height, and then fastened a key to 
the end of the hempen cord, and attached this by means of a silk 
lace (which served to insulate the whole apparatus) to a post. The 
first signs of electricity which he perceived, was the separation of the 
loose fibres of the hempen cord : a dense cloud passed over the ap- 
paratus, and some rain falling, the suring of the kite became wet; 
the electricity was then collected by it more copiously, and a knuckle 
being presented to the key, a stream of acute and brilliant sparb 
was obtained. With these sparks, spirits were fired, jars charged, 
and the usual electrical experiments performed. Thus was the iieor 
tity of lightning and electricity, which had been indicted by so minj 
analogies, now established by the most decisive experiments. 

769. It is a matter of much importance to the science of Meteo- 
>^l^^f (Art. 565.) to ascertain from what source atmospherical 
electricity originates. Among the known sources of this agent none 
seems so probable, as the evaporation and condensation of watery 
vapor. We have the authority of two of the most able and accurate 
philosophers, Lavoisier and La Place, for stating that bodies in pas*' 
ing from the solid or liquid state to thai of vapor ^ and^ converseh/f 
in returning from the aeriform condition to the liquid or solid staU* 
give unequivocal signs of either positive or negative electricity* 

• Dr. Thomson, in hia Outlines of Electricity, makes the following' 
note. — M. Pouillet has lately published a set of experiments, which 
seems to overturn Volta's theory of the evolution of electricity by 
evaporation. He has shown that no electricity is evolved by evapo- 
ration, unless some chemical combination takes place at the same time. 
But it follows from his experiments, that electricity is evolved abund- 
antly during comhustioUy the burning body giving out resinous, and 
the oxygen vitreous electricity. In like manner the carbonic acid 
emitted by vegetables is charged with resinous electricity, and the 
oxygen (probably) charged with vitreous electricity. — Thomson^s Out* 
lines, p. 440. But we shall be slow to reject the results of experi- 
ments performed by such experimenters as Lavoisier and La Place, 
especially when confirmed by the testimony of Volta and Saussnre. 
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Combustion is also attended with the evolution of electricity,, asd 
even the friction of opposite currents of wind, or of a high wind 
against opposing objects, probably generates more or less of the same 
agent. The production of electiicity during evaporation and conden- 
sation maybe rendered evident by Coulomb's electrical balance; as 
may that evolved during the friction of air. If the stem of a tobacco 
pipe be heated red hot, and a drop of water be introduced by way of 
the bowl, the jet of steam falling on the brass ball (Fig. 123, a.) of 
die balance will electrify it so that it will set the index of the balance 
in motion. 

It is obvious that a cause which produces only very feeble signs of 
electricity in so small a quantity of vapor as that which arises from a 
single drop of water, may still be sufficient to occasion a vast accu- 
mulation of the same agent, in such a quantity of vapor as that which 
is daily ascending into the atmosphere. For it has been calculated, 
that more than two thousand millions of hogsheads of water are 
evaporated from the Mediterranean alone in one summer's day.* 

Thunder Storms, 

770. The following are the leading facts respecting the electricity 
of the atmosphere in relation to this subject, and these are facts which 
have been established by numerous observers, of the most accurate 
and diligent class. Beccaria, an Italian electrician, continued his ob- 
servations on the electricity of the atmosphere for 6fteen years with 
the greatest assiduity ; and Cavallo, Read, Saussure, and others, 
prosecuted the same inquiries with similar zeal. 

(1.) Thunder clouds are, of all atmospheric bodies, the most high- 
ly charged with electricity. But all single, detached, or insulated 
clouds, are electrified in greater or less degrees, sometimes positively 
and sometimes negatively. When, however, the sky is completely 
overcast with a uniform stratum of clouds, the electricity is much 
feebler, than in the single detached masses before mentioned. And, 
Boce fogs are only clouds near the^ surface of the earth, they are 
ubject to the same conditions ; — a driving fog of limited extent, is 
►ften highly electrified.f 



• Singer. t Ed. Encyc VIII, 310. 

Vol. II. 21 
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(2.) The electricity of the atmosphere is strongest when hot weath- 
er succeeds a series of rainy days, or when wet weather succeeds a 
series of dry days ; and during any single day, the air is most elec- 
trical when the dew falls before sunset, or when it begins to exhale 
before sunrise. 

(3.) In clear steady weather, the electricity generally remains pos- 
itive ; but in falling or stormy weather, it is constantly changing iroffl 
positive to negative, or from negative to positive.* 

Such are the circumstances of atmospheric electricity in general; 
next, let us attend to the peculiar phenomena of thunder korms, 
chiefly as they are exhibited in our own climate. 

(1.) In thunderstorms there is usually a singular and powerful 
combination of all the elements,— of darkness, rain, thunder and light- 
ning, and sometimes hail. 

(2.) They occur chiefly in the hottest season of the year, and after 
mid-day ; and are more frequent and violent in warm than m cold 
counUries. 

(3.) In this State (Connecticut,) thunder storms usually come from 
the west, either directly, or from the noithwest or southwest ; but 
occasionally from the east. 

(4.) Violent thunder and lightning are frequently seen in volcanoes 
and water spouts. 

(5.) Thunder storms sometimes descend almost to the surface of 
the sea, and fall upon the sides of mountains ; in which case, they 
are extremely violent. 

(6.) We occasionally observe the following circumstances succeed 
each other in regular order : first, a vivid flash of lightning, — then a 
loud peal of thunder, — and, after a short interval, a sudden fall of 
rain^ which sometimes stops as suddenly as it began. f 

771. There are in thunder storms evidently two distinct classes of 
phenomena to be accounted for. The first class consists of the com- 
mon elements of a storm, — clouds, wind, and rain ; the second, of 
thunder and lightning. The following proposition embraces, in our 
view, the true explanation of both these classes of phenomena : — 



* Singer, p. 273. 

t Morgan's Lectures on Electricity contain an excellent view of the 
natural agencies of electricity. 
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TTke storm itself y including every thing except the electrical appear^ 
ances, is produced in the same manner as other storms of wind and 
rain; and the electricity ^ and of course the thunder and lightnings 
is owing to the rapid condensation of watery vapor J* 

We do not, therefore, consider electricity as the cause^ but as the 
consequence of the storm ; or as a concomitant of the clouds, wind, 
and rain. 

To explain the subject a. litde more fully, we conceive of the 
entire process as follows. A sudden rarefaction produced by the 
intensity of the solar heat, or otherwise, puts the ah* in motion, that 
is, raises a wind, blowing in all directions towards the place of great- 
est rarefaction. Such a meeting of opposite currents, some of which 
are largely charged with watery vapor, produces a sudden deposition 
and accumulation of clouds. (Art. 569.) These, when sufficiently 
driven together and condensed, have their minute floating particles 
united in drops of rain. When the opposite winds are violent, and 
the accumulation of clouds great, they become black, as a natural 
consequence of the thickness of their strata, and the compactness of 
their mass, and fall towards the earth by their increased weight, until 
they subside into air sufficiently dense to support them, — sometimes, 
indeed, falling upon the surface of elevated grounds, and more rarely 
descending to the general level of the earth. Finally, the rapid 
changes of state which vapor undergoes in condensation, — a process 
which is more rapid in proportion as the storm is more violent, and 
the heat more intense, generate the electricity. 

772. Do we then find in thunder storms, the common cause of 
rain operating, namely, the sudden cooling of warm air, charged 
with watery vapor ? 

First, storms of rain have been satisfactorily accounted for, from 
the meeting of opposite winds of different temperatures. (See 

* Other causes, such as friction, change of temperature, &c., may 
bare some influence, but the condensation of vapor, producing elec- 
tricity, which is accumulated in insulated clouds, (thunder olouds 
being insulated by the circumambient air,) is to be regarded as the 
chief source of the electricity of thunder storms. 
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Art. 570.) The more violent of these, especially in tropical coun- 
tries, are in fact thunder storms ; and in places, as Egypt and the 
western coast of Peru, where, on account of the constancy of the 
winds it never rains, it likewise never thunders. 

Secondly, in the Metorological Register, kept at Yale College, 
from 1804 to 1822, inclusive, we find recorded one hundred and 
sixteen thunder storms. Of these ninety nine were immediately 
preceded or followed by a change of wind, of which fifty were (rom 
south to north, — ^not directly, but in most instances from south-west 
to north-west. The process on a hot summer's day, is usually as 
follows. During the earlier part of the day a south-westerly breeze 
is blowing, which, coming from a warmer region, exposed to the rapid 
evaporation of a summer's sun, is copiously charged with watery va- 
por. As the heat advances, the dense and colder air of the north-west 
is put in motion towards this parallel of greater rarefication. The 
two opposite winds meet, the warmer current deposits a portion of its 
watery vapor ; at first a calm ensues, when the opposite forces are 
in equilibrium, afterwards, the northerly portion predominates, dissi- 
pates the storm, restores serenity to the sky, and coolness to the air. 

Thirdly, we shall hardly meet with any minute and precise de- 
scription of a thunder storm, without recognising this common circum- 
stance, the frequent shiftings of the tmnd, indicative of the meeting 
of opposite currents. It is frequently alleged that thunder cloiids 
move against the wind. This we know is impossible; but the ex- 
pression implies that the two winds, the one at the cloud and the 
other at the spectator, blow in opposite directions.* The meeting 
of adverse winds is adequate to explain all the phenomena of thun- 
der storms, viz. the sudden formation and accumulation of clouds, 
their subsidence to the lower regions of the atmosphere, in .conse- 
quence of their conglomeration, and the production of torrents of 
rain, and finally the sudden evolution of vast quantities of the elec- 
tric fluid, which exhibits itself in lightning and thunder. The clouds 
themselves being good conductors, while the air with which they are 
surrounded is a bad conductor, they are of course immense insula- 
ted conductors, of which some are charged with positive and some 



* HaQy, Natural Phil. I. 425. Encyc. Perthensis, art. Thunder. 
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with negative electricity. (Art. 770.) On their approach to each 
other, the opposite electricities, conformably to the law of induction, 
(Art. 713.) rush to the contiguous ends, where they accumulate until 
they at length discharge themselves through the intervening space of 
air, often to a great distance, and with a flash proportionally long and 
vivid, and a report proportionally loud. Most of the explosions are 
the harmless discharges of electricity from one cloud to another dif- 
ferently electrified.* 

773. But the earth itself in its natural state, is a vast conductor, 
where any excess of tlie electric fluid may readily discharge itself. 
Accordingly, where a cloud highly charged comes near to the earth, it 
puts the latter in the opposite electrical state by induction, and a dis- 
cbarge takes place between the earth and ihe cloud. When the elec- 
tricity which is expelled from the earth by the approach of a cloud, re- 
turns to it, it sometimes produces a violent shock, and is known by the 
name of the returning stroke. Indeed, in some instances, lightning 
is supposed to take a circuitous route in its way from one cloud to 
another, first darting to the earth and thence to the opposite cloud, 
the distance pf the clouds from each other being too great to permit 
the discharge through the intervening space of air. And since elec- 
tricity passes quietly without light or noise, when it makes its way 
through good conductors, and manifests its splendors and mechanical 
energies only when its path is obstructed by imperfect conductors, 
it is reasonably inferred that the lightning and thunder have an origin 
extrinsic to the fluid itself; that the lightning is produced by the sud- 
den and powerful condensation which the air experiences when com- 
pressed before the fluid, (a known cause of heat and light,) and that 
the thunder is produced by the collapsing of the air, filling the sud- 
den void, occasioned by the passage of the fluid (a known cause 
of sound). f The zigzag appearance of lightning is well explained 
by supposing the air so much condensed before it, as to turn its course 
in another direction, where the same resistance is again experienced 
and another change encountered. This explanation is rendered the 
more probable by experiments, which show that the zigzag appear- 



♦ Morgan's Lectures on Elec. 2. 211. 
t Cavallo, Complete Treatise^ p. 274. 
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ance is very much increased when the electric spark is passed througb 
condensed air, but disappears entirely when it is passed through a 
vacuum. (Art. 734.) 

774. If we now apply these principles to the- facts before eou- 
meraied, (Art. 770.) we shall find them capable of a dear aod 
satisfactory explanation. 

All insulated clouds are electrical in a greater or less degree, be- 
cause their very formation implies a condensation of watery vapor, and 
the state of insulation prevents the escape of the electric fluid, that is 
thus evolved. The electricity is stronger in such insulated detached 
clouds, some of which are positive, and some negative, than in a sky 
uniformly overcast, because in the latter case the opposite electricities 
are neutralized, while in the former they are kept separate. The 
electricity of the atmosphere is strongest when hot weather suceeds 
a series of rainy days, and when wet weather succeeds a series of 
dry days, because then, in both cases, the evaporation is most sud- 
den and abundant; and on a single day, the signs of electricity are 
strongest at the rising and falling of the dew, that being the very mo- 
ment when the evaporation in the morning, and the condensaticm in 
the evening, are most copious. Thunder showers are most frequent 
and violent in hot climates, and during the hottest seasons of the year, 
for in such places and at such times, the causes supposed are in most 
active operation. Electricity, if evolved at all by slower processes 
of evaporation and condensation, finds its equilibrium before it can 
accumulate in sufficient quantity to produce the phenomena of a 
thunderstorm. Thunder storms usually occur after mid-day, be- 
cause it is chiefly during the hottest part of the day, or a littie after 
it, that the meeting of those opposite currents occurs, which gener- 
ate the storm; since it is at the places of greatest rarefaction, that 
this concourse of winds takes place; and therefore during the heat 
of summer, the sun is sometimes followed round the globe bj thun- 
der storms. 

776. It has been observed, Art. 770, (3.) that in tiiis State, thun- 
der storms come from some point of the west, and rarely from any 
other quarter. This is more especially the case with those storms 
which occur in the afternoon and evening, and when a warm south- 
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^sterly wind precedes the storm, and a cool north-westerly wind 
follows it. In the heat of summer, the south-westerly is the hottest 
of all our winds, and the north-westerly is the coldest. The mix- 
ture of these, therefore, more than of any other opposite winds, 
would generate thunder storms. The manner in which the north- 
erly wind is set in motion after mid-day, during the hottest part of 
summer, has been already adverted to. (Art. 771.) By reflecting 
for a moment on the conditions of every other kind of wind at that 
season, it will be seen that there is no one with which, according to 
our principles, a noi*th-west wind would be so likely to produce a 
thunder storm, as with one from the south-west, which comes to us 
ifter having passed over^the heated lands of the south. Suppose 
that an easterly wind has been prevailing during the earlier parts of 
die day, and that a north-westerly wind, set in motion towards the 
places most strongly rarefied by the sun's heat, meets this wind from 
the east, which, coming from the sea, is at that season comparatively 
cooL The meeting would be that of two currents of cool atr, a cir- 
cumstance far less favorable to the production of a thunder storm 
dian the concourse of a hot current with a cold. If we suppose the 
northerly wind to meet with a wind from every other quarter of the 
heavens in succession, we shall find each less favorable for the gen-^ 
eration of a storm than that from the south-west. A sudden influx^ 
however, of cold air from the ocean, mixing with the hotter air over 
the land, produces those occasional easterly thunder storms before 
mentioned. Art. 770, (3.) Storms of this kind sometimes occur in 
the morning. 

776. In volcanoes, the.most vivid lightnings and the heaviest thun- 
ders are produced, because here an immense quantity of heated va- 
por is thrown out, which on reaching the cold regions of the atmos- 
phere is suddenly condensed into thick clouds ; and the same phe- 
nomena are often terrific in water spouts, because here the sudden 
formation of clouds and rain, occasions a vast evolution of electricity. 
I^iolent thunder storms sometimes fall upon the sides of mountains 
>r upon the surface of the sea, for here, on account of the proximity 
of the clouds, the discharges are made towards the earth or sea, 
Bvbich, in ordinary cases, are made from cloud to cloud. 
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777. All the foregoing facts appear to admit of a clear exphm- 
tion, in conformity with the supposition, that the storm itself, inclu- 
ding all the phenomena except the electrical, is produced like other 
storms of wind and rain, by the sudden cooling of heated air charg- 
ed with watery vapor, (Art. 570.) and that the electrical phenomena 
are produced by the condensation of the vapor itself into clouds and 
rain. But the last fact mentioned, appears to present greater diffi- 
culties. We refer to that quick succession of events, Art. 770, (6.) 
occurring in the following order ; namely, first, a vivid flash of light- 
ning — then a loud peal of thunder — and, after a little interval, a sud- 
den fall of rain, which frequently stops as suddenly as it commenced. 
At first view, it would seem that the rain which follows the electrical 
discharge is produced by it ; whereas, according to the foregoing 
views, the lightning is not the cause, but rather a consequence of the 
formation of the rain. (Art. 771.) But suppose that the events were 
to take place as required by our principles ; that drops of rain were 
suddenly to coalesce, forming a shower, and that the attendant light- 
ning and thunder were produced by this process ; let us see in what 
order the notice of these events would reach the earth. The pas- 
sage of light being nearly instantaneous, the flash would be seen the 
instant of the explosion ; but sound is a comparatively slow traveller, 
and would take its own time to reach the ear ; and rain, a much 
slower traveller still, would arrive much later than the other two. 
To submit these successive events to something like mathematical 
calculation, we will suppose the cloud to be one fourth of a mile high, 
and that the precipitation of the rain, and the evolution of the electri- 
city, which causes the explosion, are cotemporaneous events. First, 
the flash would reach us without any perceptible interval. Second- 
ly, the sounds travelling at the rate of 1142 feet per second, would 
require 1.15 seconds to reach the ear. Thirdly, the rain^ de- 
scending like any other falling body, we may calculate its time ac- 
cordingly. The times being as the square roots of the spaces. 

\/T6A : 1 : : V^1320 x 9 seconds. The time would be considerably 
more than this, on account of the resistance of the air. Our prin- 
ciples, therefore, require that the flash, the report, and the shower, 
should succeed each other in the order in which they actually occur. 
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Lightning Rods. 

778. Dr. FrankliD had no sooner satisfied himself of the iden- 
lity of electricity and lightning, than, with his usual sagacity, he 
conceived the idea of applying the knowledge acquired of the prop- 
erties of ihe electric fluid, so as to provide against the dangers of 
thunder storms. The conducting power of metals, and the influence 
of pointed bodies, to collect and transmit the fluid, naturally suggest- 
ed the structure of the Lightnmg Rod. The experiment was tried 
and has proved completely successful ; and probably no single appli- 
cation of scientific knowledge ever secured more celebrity to its author. 

779. Lightning rods are at present usually constructed of wrought 
iron about three fourths of an inch in diameter. The parts may be 
made separate, but, when the rod is in its place, they should be screwed 
together so as to fit closely, and to make a continuous surface, since 
the fluid experiences much resistance in passing through links and 
other interrupted joints. At the bottom, the rod should terminate in 
two or three branches, going off in a direction from the building. 
The depth to which it enters the earth should not be less than 
five feet ; but the necessary depth will depend somewhat on the 
nature of the soil : wet soils require a less, and dry soils a greater 
depth. In dry sand it must not be less than ten feet ; and in such 
situations, it would be better still to connect, by a convenient conduct- 
ing communication, the lower end of the rod with a well or spring of 
water. It is useful to fill up the space around the part of the rod 
that enters the ground, with coarsely powdered charcoal, which at 
once furnishes a good conductor, and preserves the metal from cor- 
rosion. The rod should ascend above the ridge of the building to a 
.i^ght determined by the following principle : that it will protect a 
9pace in every direction from it^ whose radius is equal to twice its 
height. It is best, when practicable, to attach it to the chimney ; 
which needs peculiar protection, both on account of its prominence, 
^d because the products of combustion, smoke, watery vapor, See. 
^e conductors of electricity. For a similar reason a kitchen chim- 
ney, being that in which the fire is kept during the season of thunder 
*U)rms, requires to be especially protected. The rod is terminated 
^ve in three forks, each of which ends in a sharp pdnt. At tbetm 

Vol. n. 52 
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points are liable to have their conducting power impaired by not, 
they are protected from corrosion by being covered with gold leaf; 
or they may be made of solid silver or platina. Black paint being 
made of charcoal, it forms a better coating for the rod than paints 
made of other colors, the bases of which are worse conductors. The 
rod may be attached to the building by wooden stays. Iron stays 
are sometimes employed, and in most cases they would be safe, rince 
electricity pursues the most direct route (Art. 745.) ; but in case of 
an extraordinary charge, there is danger that it will divide itself, a 
part passing into the building through the bolt, especially if this ter- 
minates in a point. Buildings furnished with lightning rods have oc- 
casionally been struck with lightning ; but on examination it has gen- 
erally, if not always, been found that the structure of the rod was 
defeqtive ; or that too much space was allotted for it to protect 
When the foregoing rules are observed, the most entire confidence 
may be reposed in this method of securing safety in thunder storms. 



CHAPTER Vm. 



PRECAUTIONS FOR SAFETY DURING THUNDER STORMS—ANIMAL 

ELECTRICITY— CONCLUDING REMARKS. 



780. The great number of pointed objects that rise above the gen- 
eral level, in a large city, have the effect to dissipate the electricitjr of 
a thunder cloud, and to prevent its charge from being concentrated 
on any single object. Hence damage done by lightning is less 
frequent in a populous town, than in solitary buildings. For similar 
reasons, a great number of ships, lying at tlie docks, disarm the 
lightning of its power, and thus avert the injury to which the form of 
their masts would otherwise expose them. A solitary ship on the 
ocean, unprotected by conductors, would appear to be peculiarly in 
danger from lightning; but, while the greater number of ships that 
traverse the ocean are wholly unprotected, accidents of this kind 
are comparatively rare. The reason probably is, that water be- 
ing a better conductor tha^n wood, the course of the discharge towards 
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the water is not easily diverted, and will not take the mast in its way 
unless the latter lies almost directly in its course. — Barns are pecu- 
liarly liable to be struck with ligbtnmg, and to be set on fire ; and as 
cbis occurs at a season when they are usually filled with hay and 
grain, the damage is more serious, for the quantity of combustible 
matter they contain, is such as to render the fire unmanageable. 
Professor Silliman ascribes this liability of bams to be struck with 
lightning, to the influence of the evaporation that proceeds from the 
fresh hay, &cc. which is supposed to fsmish a conducting medium 
like the smoke of a cliimney.^ 

781. Silk dresses are sometimes worn with the view of protec- 
tion by means of the insulation they afford. They cannot, however, 
be deemed very effectual unless they completely envelop the person ; 
for if the head and the extremities of the limbs be exposed, they 
will furnish so many avenues to the fluid as to render the insulaticm 
of the other parts of the system of little avail. The same remark 
applies to the supposed security that is obtained by sleeping on a 
feather bed. Were the person situated within the bed, so as to be 
entirely enveloped by the feathers, they would afford some protection ; 
but if the person be extended on the surface of the bed, in the usual 
posture, with the head and feet nearly in contact with the bedsted, 
he would rather lose tlian gain by the non-conducting properties of 
the bed ; since, being a better conductor than the bed, the charge 
would pass through him in preference to that.f The Horizontal 
posture, however, is safer than the erect ; and if any advantage on 
the whole is gained by lying in bed during a thunder storm, it proba- 
bly arises from this source. The same principle suggests a reason 
why men or animals are so frequently struck with lightning when 
tbey take shelter under a tree during a thunder storm. The fluid 
first strikes the tree, in consequence of its being an elevated and point- 

• 

• American Journal of Science, Vol. III. p. 345. 

t Security to the person might be obtained by an entire covering 
of either a very bad or a very good conductor. In the former case, 
the electricity would not approach the system ; in the latter case it 
would confine itself to the covering. Clothes when very wet have 
been supposed to furnish a protection on this principle. (See an in- 
teresting case stated by Professor Hitchcock, Amer. Jour. Science.) 
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ed object, but it deserts the tree on reacbbg tbe levd of the man 
or animal, because the latter is a better conductor than the tree. 

Tall trees situated near a dwelling house, furnish a partial protec- 
tion to the building, being both better conductors than the materials 
of the house, and haviDg the advantage of superior elevation* 

782. The protection of chimneys is of particular importance, for 
to these a discharge is frequently determined. When a fire is bun- 
ing in the chimney, the vapor, smoke, and hot air, which ascend from 
it (as has been intimated in article 779,) furnish a conducting medium 
for the fluid ; but even when no fire is burning, the soot that lines tbe 
interior of a chimney, is a good conductor, and facilitates the passage 
'of the discharge. 

It is quite essential, during a thunder storm, to avoid every con- 
siderable mass of water, and even the streamlets that have resulted 
from a recent shower; for these are all excellent conductors, and tbe 
height of a human being, when connected with them, is very like!/ 
to determine the course of an electric discharge. The partial con* 
ductors, through which the lightning directs its course, when it enters 
a building, are usually the appendages of the walls aud partitions; 
the most secure situation is therefore the middle of the room, and 
this situation may be rendered still more secure by standing on a ghss 
legged stool, a hair mattress, or even a thick woollen rug. Tbe part 
of every building least liable to receive injury, is the middle story, 
as the lightning does not always pass from the clouds to the eanb, 
but is occasionally discharged from the earth to the clouds. Hence 
it is absurd to take refuge in a cellar, or in the lowest story of a 
house ; and many instances are on record in which the basement 
story has been the only part of the building that has sustained severe 
injury. Whatever situation be chosen, any approach to the fire place 
should be particularly avoided.* An open door or window is an 
unsafe situation, because the lightning is apt to traverse the large tim- 
bers that compose the frame of the house, and would be determined 
towards the animal system on account of its being a better conductor. 
In a carriage the passenger is safer in the central part than next to the 
walls ; but a carriage may be efiectually protected by attaching to its 

• Singer. 
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er surface metallic strips connected with the wheel tire. The 
ts of silver plating which are frequently bound round the carriage, 
J be brought into the conducting circuit. 

Animal Electricity, 

I'SS. Of the natural agencies of electricity, one of the most re- 
rkable, is that exhibited by certain species of fish, especially the 
^rftdo and the Gymnotus. This peculiar property of the Torpe- 
was known to the ancient naturalists, and is accurately described 
Aristotle and by Pliny. Aristotle says that this fish causes or pro- 
ves a torpor upon those fishes it is about to seize, and having by 
t means got them into its mouth, it feeds upon them. Pliny says 
t this fish, if touched by a rod or spear, even at a distance, par- 
ses the strongest muscles. 

''84. The fact, however, that this extraordinary power depended 
»ii electricity, was not known until about the year 1773, when it 
{ ascertained by Mr. Walsh, that the Torpedo was capable of giv- 
shocks to the animal system, analogous to those of the Leyden 
. Though this property is regarded as establishing the idenuty of 
power with the electric fluid, yet this power, as developed in the 
rpedo, has never been made to afiford a spark, nor to produce the 
M effect upon the most delicate electrometer.* As late as the year 
28, experiments were made upon the Torpedo, by Sir Humphry 
vy, and the conclusions to which he arrived, were that the electri- 
r resides in this animal in a form suited exclusively to the purpose 
communicating shocks to the animal system, while it has little or 
hing else in common with the properties of electricity, as develop- 
in various artificial arrangements.f 

rhe Torpedo is a flat fish, seldom twenty inches in length, but one 
nd on the British coast was four and a half feet long. The elec- 
ity of the Torpedo has the same relation as common electricity to 
lies in respect to their conducting power, being readily transmitted 



' Humboldt. 

' Phil. Trans. 1829. A reflection naturally suggested by this fact 
that the fluid which is excited in the various species of electrical 
)aratu8, both the common and Voltaic, is a compound, embracing 
eral distinct substances. 
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through metals, water, and other conductors, and not being transmit- 
ted through glass, and other non-conductors. 

785. The electric organs of the Torpedo are two in number, and 
placed one on each side of the cranium and gills. The length of 
each organ is somewhat less than one tliird part of the length of the 
whole animal. Each organ consits of perpendicular columns reaching 
from the under to the upper surface of the body, and varying in length 
according to the various thickness of the flesh in different parts. The 
number of these columns is not constant, being not only difiereot 
in different Torpedos, but likewise in different ages of the animal, 
new ones seeming to be produced as the animal grows. In a very 
large Torpedo, one electric organ has been found to consist of one 
thousand one hundred and eighty two columns. The diameter of a 
column is about one fifth of an mch. Each column is divided by hori- 
zontal partitions, consisting of transparent membrane, placed over 
e^ch other at very small distances, and forming numerous inter- 
stices, which appear to contain a fluid. The number of partitions 
contained in a column one inch in length, has'Jbeeu found in some in- 
stances not less than one hundred and fifty. By this arrangement, 
the amount of electrified surface^ is exceedingly great ; equivalent 
in one instance, to one thousand and sixty four feet of coated glass. 
Hence, the effects of the electricity of the Torpedo are such as cor- 
respond to those which, in artificial arrangements, are produced by 
diffusing a given quantity of fluid over a great surface, by which its 
intensity is much diminished. 

786. The Gymnotusj or Surinam eel, is found in the rivers of 
South America. Its ordinary length is from three to four feet ; but 
they are said to be sometimes twenty feet long, and to give a shock 
that is instantly fatal. The electrical organs of the Gymnotus, con- 
stitute more than one third part of the whole animal ; they consist 
of two pairs, of different sizes and placed on different sides. The 
shock communicated to fishes instantly paralyzes them, so that they 
become tlie prey of the Gymnotus. By irritating the animal with 
one hand while the other is held at some distance in the water, a 
shock is received, as severe as that of the Leyden Jar. 

Unlike the Torpedo, the Gymnotus gives a small but perceptible 
spark, affording additional proof of the identity of the power with 
that of electricity. 
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M. Humboldt, in bis travels in Sou^b America, describes a sin- 
gular method of catching the Gymnotus, by driving wild horses into 
a lake which abounds with them. The fish are wearied or exhaust- 
ed by their efforts against the horses, and then taken ; but such is 
the violence of the charge which they give, that some of the horses 
are drowned before they can recover from the paralyzing shocks of 
the eels. 

The SUurus ElectricuSj is a fish found in some of the rivers of 
Africa. Its electrical powers are inferior to those of the Torpedo 
and Gymnotus, but they are still sufficient to give a distinct shock to 
the human system. 

787. Certain furred animals, particularly the cat, become sponta- 
neously electrified. This is more especially observable on cold windy 
nights, when the state of the air is favorable to insulation. At such 
times a cat's back will frequently afford electrical sparks. Ancient 
historians mention a number of very remarkable occurrences, of good 
or evil omen, which are due to the electricity of the atmosphere. 
Herodotus informs us that the Thracians disarmed the sky of its 
thunder, by throwing their arms into the air; and that the Hyperbo- 
reans produced the same effect, by launching among the clouds darts 
armed with points of iron. Caesar in his Commentaries, says that in 
the African war, after a tremendous storm which threw the whole of 
the Roman army into great disorder, the points of the darts of a great 
Dumber of the soldiers shone with a spontaneous light. In the month 
of February (says he) about the second watch of the night, there sud- 
denly arose a great cloud, followed by a dreadful storm of hail, and 
in the same night the points of the darts of the fifth legion appeared 
on fire.* 

During a dry snow storm, when electricity is evolved in great quan* 
tities, and, on account of the dry state of the air, is partially insula* 
ted on conducting bodies, similar appearances are exhibited. Thus 
the ears of horses and various pointed bodies emit faint streams of 
light. These phenomena are sometimes exhibited in a most striking 
manner in a storm at sea, when the masts of a ship, yard arms, and 
every other pointed object are tipped with lightning.f 

* Ed. Encyc. viii. 311. t See Jones^ Naval Sketches, I. 199. 
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Concluding Remarks. 

788. From the energy which electricity dbplays in our experi- 
ments, and mlich more in thunder storms, there Can be no questioa 
that it holds an important rank among the ultimate causes of natural 
phenomena. Its actual agencies, however, are liable to be miante^ 
preted, and that they have been so in fact, is too manifest from tho 
history of the science. After the splendid experiments with tbe 
Leyden Jar, and more especially, after th.e identity of electricity with 
lightning had been proved, electricians fancied that they had discof- 
ered the clue which would conduct them safely through the labyrioth 
of nature. Every thing not before satisfactorily accounted for, was 
now ascribed to electricity. They saw in it not only the cause of 
thunder storms, but of storms in general ; of rain, snow, and hail; of 
whirlwinds and water spouts; of meteors' and the aurora borealb; 
and, finally, of tides and comets, and the motions of the heaven^ 
bodies. Later electricians have found in the same agent the mab 
spring of animal and vegetable life, and the grand catbolicon which 
cures ^11 diseases. Recent attempts have been made to establish 
the very identity of galvanic electricity and the nervous influence, by 
which the most important functions of animal life are controlled.* 

Among the most important of the agencies of electricity in tbe 
economy of nature, is that which, according to the views of Sir 
Humphry Davy, it sustains in relation to the chemical agencies of 
bodies. Chemical and electrical attractions, he supposes, are one 
and the same thing, or at least dependent on the same cause, the at- 
traction between the elements of a compound arising solely firom 
their being naturally in opposite electrical states. But the discus- 
sion of this hypothesis belongs more appropriately to Galvanism, a 
branch of our subject which, on account of its peculiarities, especial- 
ly in the mode of excitation, has been constituted a separate depart- 
ment of science. f 

• Wilson Philip, Phil. Trans. Tilloch's Phil. Mag. XXX, 488. 

t In the distribution of subjects in Yale College, Galvanism is as- 
signed to the chemical department. If, however, it should appear 
necessary, for the convenience of other Institutions who may use this 
Treatise, to have that subject included in it, the outlines of 
electricity may be added in the appendix. 
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PART V. MAGNETISM. 



789. Magnetism m the science which treats of the properties and 
effects of the magnet. — ^The same terra is also used to denote the 
uDknown cause of magnetic phenomena ; as when we speak of mag- 
netism as excited, imparted, and so on. 

Magnets are bodies, either natural or artificial, which have the pro- 
perty of attracting iron, and the power, when freely suspended, of ta- 
king a direction towards the poles of the earth. 

The natural magnet is sometimes called the loadstone,* It is an 
oxide of iron of a peculiar character, found occasionally in beds of 
iron ore. Though commonly met with iii irregular masses only a few 
inches in diameter, yet it is some times found of a much larger size. 
One recently brought from Moscow to London, weighed one hun- 
dred and twenty five pounds, and supported more than two hundred 
pounds of iron.f 

790. The attractive powers of the loadstone have been known 
from a high antiquity, and are mentioned by Homer, Pythagoras, and 
Aristotle. But the directive powers were not known in Europe, un- 
til die thirteenth century, when they were discovered by a Neapolitan 
named Flavio ; though some writers have endeavored to trace the his- 
tory of the compass needle to a remoter period, and some have stren- 
uously maintained that the Chinese were in possession of it many cen- 
turies before it was known to Europeans. J 

Magnetism is the most recent of all the physical sciences, and not- 
withstanding the numerous discoveries achieved in it within a few 
years, and the remarkable precision with which its laws have been 
ascertained, yet it is still to be regarded as a science quite in its m- 
fancy, although it is rapidly progressive. 



• Said to be derived from Icsdan, a Saxon word which signifies tQ 

trtiide. t Partington's Manual, II. 343. 

J Cavallo, on Magnetism; Barlow, Encyc. Metrop^ 

Vol. II. 23 
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791. If a magnet be rolled in iron filings, it will attract them to 
itself. This effect lakes place especially at two opposite points, 
where a much greater quantity of the filings will be collected than 
in any other parts of the body. The two opposite points in a mag- 
net, where its attractive powers ap- 
pear chiefly to reside, are called its . 




poles. The straight line which joins the 
poles, is called the aocis. (See Fig. 233.) 

If a large sewing needle or a small bar of steel be rubbed on the 
loadstone, one extremity on one pole, and the other extremity on 
the other, the needle or bar will itself become a magnet, capable of 
exhibiting all the properties of the loadstone. Without staying at 
present to describe more minutely the process of making artificial 
magnets, we will suppose ourselves provided with several magnetic 
needles and bars, and we may proceed with them to study the leading 
facts of the science of magnetism. By attaching a fine thread to the 
middle of a needle, and suspending it so as to move freely in a hori- 
zontal plane ; or by resting it on a point, as 
is represented in figure 234, we shall have 
a simple and convenient apparatus for nu- 
merous experiments. The needle thus sus- 
pended will place itself in a direction near- 
ly, though not exactly, north and south. If 
the needle is drawn out of the position it assumes when at rest it will 
vibrate on either side of that position until it finally settles in the same 
line as before, one pole always returning towards the north, and the 
other towards the south. Hence the two poles are denominated re- 
spectively north and south poles. In magnets prepared for experi- 
•menis, these poles are marked either by the letters N and S, cm: by a 
line drawn across the magnet near one end, which denotes that the 
adjacent pole is the north pole. 

792. By means of the foregoing apparatus we may ascertain that 
tlie magnet has tlie following general properties, viz. 

Firsts powers of attraction and repulsion. 

Secondly, the power of communicating magnetism to iron or steel 
by induction. 

Thirdly, polarity, or the power of taking a direction towards the 
poles of the earth. 
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Fourthly^ the power of iDclining itself towards a point below the 
horizon, usually denominated the dip of the needle. 

The farther developement of these properties will constitute the 
subjects of the following chapters. 



CHAPTER I. 



OF MAGNETIC ATTRACTION. 



793. When either pole of a magnet is brought near to a piece of 
iron, a mutual attraction takes place between them. 

Thus, when the ends of a magnetic bar or needle are dipped into 
a mass of iron filings, these adhere in a cluster to either pole. A bar 
of soft iron, or a piece of iron wire, resting on a cork, and floating on 
the surface of water or quick-silver, may be led in any direction by 
bringing near to it one of the poles of a magnet. This action is 
moreover reciprocal^ that is, the iron attracts the magnet with the 
same force that the magnet attracts the iron. If the two bodies be 
placed on separate corks and floated, they will approach each other 
with equal momenta ; or if the iron be held fast, the magnet will 
move towards it. 

794. Two other metals beside iron, namely, nickel and cobalt, 
are susceptible of magnetic attraction. These metals, however, ex- 
ist in nature only in comparatively small quantities, and therefore by 
magnetic bodies, are usually intended such as are ferruginous. Even 
iron, in some of its combinations with other bodies, loses its magnetic 
properties ; only a few of the numerous ores of iron are attracted by 
the magnet. But soft metallic iron, and some of the ores of the 
same metal, affect the needle even when existing in exceedingly small 
quantities, so that the magnet becomes a very delicate test of the pres- 
ence of iron. Compass needles are sometimes said to be disturbed 
by the minute particles of steel left in the dial plate by the graver ;* 

* Eaton, American Journal Science, Vol. XJY. p. 15. 
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and the proportion of iron in some minerals may be exactly estima- 
ted by the power they exert upon the needle.* 

795. In the action of magnets on each other, poles of the same 
name repel, those of different names attract each other. 

Thus the north pole of one magnet will repel the north pole of the 
other, and attract its soudi pole. The south pole of one will repel 
die south pole of the other and attract its north pole. These effects, 
it will be perceived, are analogous to those produced by the two spe- 
cies of electricity ; and they equally imply two species of magnetism 
or two magnetic fluids (as it is convenient to call them) namely, the 
northern, and the southern, or as they are now denominated the bo- 
real and the austral fluids. 

796. By bringing a magnet near to iron or steel, the latter is 
rendered magnetic by Induction. 

Thus, let the north pole of a F«fi:- 235. 

magnetic bar A, (fig. 235.) be 
brought near to one end of an un- 
magnetized bar of soft iron B : the 
iron will immediately become it- 
self a magnet, capable of attracting iron filings, having polarity when 
suspended, and possessing the power of communicating the same 
properties to other pieces of iron. It is, however, only while the iron 
remains in the vicinity of the magnet, that it is endued with these pro- 
perties ; for let the magnet be withdrawn and it loses at once all the 
foregoing powers. This, it will be remarked, is asserted of soft iron} 
for steel and hardened iron are differently affected by induced mag- 
netism. 

On examining the kind of magnetism induced upon the two ends 
of the iron bar B, (fig. 235.) which we may easily do by bringing near 
to it the poles of the needle, (fig. 234.) we shall find that the nearer 
end has south, and the remoter end north polarity. This effect also 
is analogous to that produced by electrical induction. f A correspood- 



Biot. t See Arts. 713—720. 
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ig effect would have taken place, had the south instead of the north 
ole of the magnet been presented to the bar of iron ; in which case, 
be nearer end would have exhibited northern, and the remote end 
K)uthern polarity. Or, to express this important proposition in gen- 
eral terms, 

Each pole of a magnet induces the opposite kind of polarity in 
thai end of the iron which is nearest to it, and the same kind in that 
end which is most remote. 

797. It is not essential to the success of these experiments, that the 
bars of iron which receive magnetism by induction, should be placed 
in a straight line with the magnet : they may be at right angles to it 
or inclined at any other angle, the only essential condiuon being that 
the end of ihe bar should be brought near to the pole of the magnet. 
Indeed the efiect is increased, that is, the magnetism of the iron bar 
is rendered stronger, when the bar is in- 
clined towards the magnet, as in figure c y 





236, and is strongest of all when it is pla- 
ced parallel to the magnet; for it will 
be seen that in these two latter positions, 
both poles of the magnet conspire in their 
action upon the iron bar. 

798. The power of a magnet is increased^ by the exertion of Us 
inductive power upon a piece of iron in its neighborhood. 

The end of the piece of iron contiguous to the pole of the mag- 
net, is no sooner endued with the opposite polarity, than it reacts 
upon the magnet and increases its intensity, and a series of actioiis 
and re-actions take place between the two bodies, similar to what 
occurs in electrical induction.* On this account the powers of a 
magnet are increased by action, and impaired or even lost by long 
disuse. By adding, from time to time, small pieces of iron to the 
weight taken up by a magnet, its powers may be augmented greatly 
beyond their original amount. Hence, the force of attraction t)f the 
dissimilar poles of two magnets, is greater than the force of repulsion 



• See Art. 713, &c. 
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of the similar poles ; because, when the poles are unlike, each coin 
tributes to enhance the power of the other, but when thejr are alike^ 
the influence which they reciprocally exert, tends to make them un- 
like, and of course to impair their repulsive enei^es* 

Hence, also a strong magnet has the power of reversmg the polei 
of a weak one. Suppose the north pole of the weaker body to be 
brought into contact with the north pole of the stronger ; the latter 
will expel north polarity, or tlie boreal fluid, and attract the austral,! 
change which in certain cases will be permament. 

If the north pole of a magnetic bar be placed upon the middle of 
an iron bar, the two ends of the latter will each have north polaritj 
while the part of the bar immediately in contact with the magneit 
receives south polarity ; and if the same north pole be placed on the 
center of a circular piece of iron, all parts of the circumference will 
be endued with north polarity while the plate will have a south pole 
in the center. By cutting the plate into the form of a star, each ex- 
tremity of the radii becomes a weak north pole when the north pole 
of a magnet is placed in the center of the star. If an iron \m 
is placed between the dissimilar poles of two magnetic bars, both of 
the magnets will conspire to increase the intensily of each pole of 
the bar, and the magnetism imparted to the bar will be considerably 
stronger than from either magnet alone ; but if the same bar be pla- 
ced between the two similar poles, the opposite polarity will be im- 
parted to each end, while the same polarity is given to the center of 
the bar. Thus if the bar be placed between the north poles of two 
magnets, each end of the bar will become a south pole and the cen- 
ter a north pole. When one end of a magnetic bar is applied to the 
ends of two or more wires or sewing needles, the latter arrange them- 
selves in radii diverging from the magnetic pole. This eflfect is m 
consequence of their remoter ends, becoming endued with simihr po- 
larity, and repelling each other. A like effect is observable among tbe 
filaments of iron filings, that form a tuft on the end of a magnetic bar. 

799. The foregoing experiments are sufficient to show that wbea 
a piece of iron is attracted by the magnet, it is first itself converted 
into a magnet by the inductive influence of the magnetising body* 
Each of the iron filings which compose the tuft at the pole of a mag- 
netic bar or needle, is itself a magnet and in consequence of bang 
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such, induces the same property in the next particle of iron, and that 
hi the next, and so on to the last. Hence magnetic attraction does 
not exist, stricdy speaking, between a magnet and iron, but only be- 
between the opposite poles of magnets ; for the iron must first be- 
come a magnet before it is capable of magnetic influence. 

800. Soft iron readily acquires magnetism and as readily loses it ; 
hardened steel acquires it more slowly^ but retains it permanently. 

In the preceding examples, the magnetism acquired by a bar of 
iron, by the process of induction, is retained only so long as the mag- 
netising body acts upon it. Soon after the two bodies are separated 
the bar loses all magnetic properties. 

When a bar of steel is placed very near a strong magnet, the ac- 
tion of the magnet commences immediately upon the end of the bar 
nearest to it, the north pole for example communicating south polarity 
to the contiguous extremity of the bar. According to our previous 
experience, we should expect to find the remote end of the bar a 
north pole ; but such is not the immediate result ; a sensible time is 
required before the north polarity is fully imparted to the remote ex- 
iremiQr. Indeed if the bar be a long one, it sometimes happens 
diat the northern polarity never reaches the farthest end, but stops 
short of it at some intermediate point. This north pole is succeeded 
by a seccmd south pole, that by another north pole, and thus several 
alternations between the two poles occur before reaching the end of 
the bar. 

801 • The process of magnetizing a steel bar or needle is accelera- 
ted by any cause which excites a tremulous or vibratory motion 
among the particles of the steel. Striking on the bar with a ham- 
mer promotes the process in a remarkable degree, especially if it 
occasions a ringing sound, which indicates that the particles are thrown 
into a vibratory motion. The passage of an electric discbarge through 
a steel bar under the influence of a magnet, produces permanent 
magnetism. Heat also greatly facilitates the introduction of the 
magnetic fluid into steel. The greatest possible degree of magne- 
tism that can be imparted to a steel bar is communicated by first 
heating the steel to redness, and while it is under the influence of a 
strong magnet, quenching it suddenly with cold water. 
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802. A magnet, however, loses its virtues by the same meaas na, 
during the process of induction, were used to pron)ote their acquni- 
tion. Accordingly any mechanical concussion, or rough usage ioi- 
pairs or destroys the powers of a magnet. By falling on a hard 
floor, or by being struck with a hammer it is greatly injured* Heit 
produces a similar effect. A boiling heat weakens and a red heat 
totally destroys the power of a needle. On the other hand, coM 
augments the powers of the magnet ; indeed they improve with eve> 
ry reduction of temperature hitherto applied to them.* 

As iron and steel are found of various degrees of hardness, so 
their powers of acquiring and of losing magnetism is very varioas 
in different ferruginous bodies. It is in general true, that this power 
is in proportion to the hardness. Thus, the attraction of soft mal- 
leable iron for the magnet being 100, that of hard cast steel is 
only 49, and that of cast iron only 48.f 

803. ff a steel bar, rendered magnetic by induction^ be divM 
into any two parts, each part will be a complete magnet, havi^ Um 
opposite poles. 

We here meet with a remarkable distinction between magnetic 
and electric induction. When a body electrified by induction, is di- 
vided into two equal parts, the individual electricities alone remain 
in each part respectively ; but in the case of magnetic induction, al- 
though no appearance of polarity be exhibited except at the two ends, 
yet wherever a fracture is made, the two ends separated by the 
fracture immediately exhibit opposite polarities, each being of an op- 
posite name to that of the original pole at the other end of the frag- 
ment. If each of the two fragments be again divided into any num- 
ber of parts, each of these parts is a magnet perfect in itself, having 
two opposite poles. 

In magnetism therefore, there is never as in electricity, buj trans' 
fer of properties, but only the excitation of such as were already in- 
herent in the body acted upon. Magnetism never passes out of oae 
body into another ; nor can we ever obtain a piece of iron or sted 
that contains exclusively either northern or southern polarity. 

* Christie, Phil. Trans. 1625. t Barlow. 
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804. Tht forte of attraction^ or of repulsion^ exerted upon each 
Mer by the poles of two magnets^ placed at different distaneetf variee 
mcersdy as the square of the distance. 

This law was ascertained by Coulomb by means of the torsion bal- 
ance, in a manner similar to that adopted in investigating the law of 
electrical attraction ; (see Art. 697.) The same law therefore, which 
governs the attraction of gravitation, likewise controls electrical and 
mfignetic attractions. It is the most extensive law of the physical 
world. Nor is this action at a distance prevented, or even impaired, 
by the interposition of other bodies not themselves magnetic. 

805. The magnetic power of iron resides wholly on its subface, 
md is independent of the mass. 

Thus a hollow globe of iron of a given surface, will have the same 
eflkct on the needle as though it were solid throughout. In this fact 
we again meet with a striking analogy between magnetism and elec^ 
tricity, the same property having before been shovm to belong to the 
electric fluid. This is one of the most recent discoveries in magne- 
tism, and was made by Professor Barlow of the Military Academy at 
Woolwich, (Eng.) to whose ingenious and assiduous labors are due 
many of the latest and most important investigations in this science. 



CHAPTER 11. 



OF THE DIRECTIVE PROPERTIES OF THE MAGNET. 



806. ffa small needle be placed near one of the poles of a magnet 
with its center in the axis of the magnet, it will take a direction in a 
with that axis. 



Thus let S N be a large mag- Fig. 287. 

oetic bar and 5n a small needle s ikf N 

placed near the north pole of the 
magnet with its center in the axis : 
it will be seen that the action of the 
pole of the magnet is such as to bring the needle into a line vrith the 

Vol. n. 24 
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magnet. Tbe actioD of tfae bar upoa the needle tending to ^ ii 
this direction, is equal to ibe sum of its actioos upon both poles; 
while the attraction of the bar upon the whole needle, bemg only ihU 
by which tfae attraction for t on account of its nearness, exceedi (Im 
repulsion of n, must be less than the du«ctiye force. 

807. If the needle be placed at r^U angles to the bar untk o« if 
iu poles directed towards the center of the bar, it mil take a dirttim 
paraUel to the bar. 

By supposing B (Fig. S37,) to be placed as indicated in the ibon 
proposition, it will be seen, that the actions of both poles of tbe migMl 
would conspire in relation to each pole of the needle, and that ihen 
forces can be in equilibrium only when the needle is parallel wtdubt 
bar. The needle in this situation has a tendency to move towarA 
the magnet, because the attractions beiug exerted on the nearer lod 
the repulnons on the remoter poles, the sum of the attractions ei- 
ceeds that of the repulsions. 

808. Iron JUnigt or other ferruginom bodies, which are fits (t 
obey the action of a magnetic bar, naturally arrange ihamdva, at 
curve Una from one pole of the magnet to the other. 

Thus, if we place a sheet of Fig. 238. 

will arrange themselves in curves * z^^^^^^^^^^^^^m^^^- 
around tbe polesof the magnet. '' X '^ - .■■■!:■■ 

A small sewing needle suspended horizontally by a slender string, <n 
being brought near to different pans of the magnet will take direc- 
tions correspondiug to tbe part of the curve in which it happens to be 
placed. At the poles it will be in a line with the axis of the rosg- 
Fig. 239. 




intermediate di- 
rections, as is 
represented in Ggure 239, 
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These curves have given rise to the most fanciful theories of mag- 
netism, having been assumed as the traces of an invisible fluid per- 
petually circulating between the poles of the magnet ; and this circu- 
lation has been afterwards employed for illusorating every variety of 
magnetic phenomena, but in such a way as to leave the subject involv- 
ed in greater mystery than at first. These causes are nothing more 
than the necessary result of forces like those described in the fore- 
going propositions.''^ 

The curves which iron filings describe when thus arranged are 
caDed magnetic curves. They present several curious properties 
iriitcfa have been investigated by mathematicians ; but we must re- 
fer the student to more extensive treatises than the present for a full 
development of this subject.f 

809. The magnetic needle when freely suspended seldom paints du- 
redly to thebaic of the earthy but its deviation from that pole is caU" 
ed the declination, or the variation of the needle. 

A vertical circle drawn through the line in which the needle nat* 
i^rally places itself, is called the magnetic meridian. A plane pass- 
ing at right angles to the magnetic meridian, through the center of 
the needle, is called its magnetic equator. A line drawn on the sur- 
face of the earth passing through the places where the needle points 
directly to the north pole, and where of course the geographical and 
magnetic meridians coincide, is called the line of no variation. 

The discovery of the variation of the needle, has been commonly 
ttcribed to Columbus. His son Ferdinand states, that on the 14th 
of September, 1492, his father first discovered the variation, and 
that in consequence his crew mutinied, supposing that the needle 
had lost its polarity and that they would not be able to find their way 
back to Europe. It appears however that the same phenome- 
iK>n had been discovered about two hundred years before that peri- 
od, though it had not become generally known to navigators. | 



• Barlow. 

t Jtmrnal of the Royal Institution, Feb. 1831. — Leslie'* s Geomet- 
rical Analysis. 

X Cavallo^ Treatise on Magnetism, supplement. 
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810. The dedinaiion of the needle is not constant ^ but %$ nijeet 
to a small annual change^ which carries it to a certain Umii om cm 
side of the pole of the earthy when it becomes stationary far a timif 
and then returns to the pole and proceeds to a certain limit on the 
other side of it occupying a period of many years during each tibrsh 
tion. 

At London, in the year 1580, the needle pointed 11^ degrees ft) 
the east of north; in 1657 it pointed directly to the pole; after wUcb 
period, it continued to move westward for one hundred and fifty sefiQ 
years, until the year 1814, when its western declination was neaily 
24^ degrees ; since 1814, it has been moving slowly eastward. If it 
takes as many years to return as it did to move from the pole to its 
western limit, it will reach the pole again in the year 1971 ; and should 
it proceed as far eastward as it did westward, and occupy as long a 
time, it will reach its eastern limit in 2128. The total arc of dedi- 
nation will be 48^ 35^ 48^^, and the period occupied in passing over 
it, three hundred and fourteen years. This would be an average of 
9^ 17^^ annually. But the annual variation is much smaller than this 
towards its eastern and western limits, but much greater wh^i the 
needle is in the vicinity of the line of no variation. Thus during the 
nine years that elapsed between 1814 and 1823, the progress eastward 
is only 11' 22^' or only 1' 1.6^' annually, while from 1657 to 1673 a 
period of fifteen years, the declination west amounted to 2^ 30^, or ICK, 
annually; and between 1692 and 1722, the annual increase of decli- 
nation was 16' 40^'. It performed half the amount of its western de- 
clination in fifty seven years, while to complete the other half, ocGih 
pied one hundred years.* 

In the United States, the variation of the needle, is given for dif- 
ferent places as follows : — 

At Salem, Massachusetts, 1810, 6^ 22' 35'^ — Bowdiich. 
New Haven, Connecticut, 1820, 4 25 25 . — Fisher. 
Albany, New York, 1825, 6 . — Dewitt. 

The annual variation is 2' 49'', by which quantity the needle ap- 
proaches the pole. 



* Thomson, Outlines of Heat, Elec. and Mag. p. 545. 
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Mr. Dewitt, Surveyor General of the State of New York, soppo- 
that th€ needle took a retrograde course at Albany and other 
places in the same state, about the year 1807, and that since that 
period, it has been moving westward. But according to the obser- 
vations of Dr. Bowditch and of the late Prof. Fisher, the progress 
9[ ihe needle is still towards the pole.* 

The variation of the needle however is not the same at the same 
time in all parts of the earth, but every place has its particular decli- 
Dttion. For instance, if we sail from the Straits of Gibraltar to the 
ViTest Indies, in proportion as we recede from Europe and approach 
America, the compass will point nearer and nearer due north ; and 
when we reach a certain part of the Gulf of Mexico it will point ex- 
•ctfy north. But if we sail from Great Britain to the southern coast 
tf Greenland, we shall find the needle deviates farther and farther 
farm the north, as we approach Greenland, where the deviaticm will 
not be less than 45^ or 50^.f In some parts of Baffin's Bay the nee- 
dle paints nearly due west. 

811. The line of no variation encompasses the globe, but its 
'course is subject to numerous irregularities. The position of the 
iorth magnetic pole, where it may be supposed to commence, is not 
coctly ascertained, but it lies in the northeastern part of Hudson's 
Bay.| Proceeding southwards it crosses the United States, passing 
a little to the eastward of Barbadoes, and touching the northeastern 
extremity of South America. Thence it extends across the South- 
cm Atlantic towards the south pole, where navigators have not been 
able to trace it. It appears again in the eastern hemisphere to the 
south of Van Dieman's Land, and passes across the western part of 
New Holland. It afterwards divides into two branches, one of which 
strikes the Continent of Asia at Cape Comorin, and extends across 
Hindostan, Persia, and the western part of Siberia to Lapland and the 
Northern Ocean. The other branch pursues a course more nearly 
north, through China, Chinese Tartary and the eastern part of Sibe- 
iia.§ In that hemisphere which comprehends Europe, Africa, and 
the western parts of Asia, together with the greater part of the Atlan- 



♦ American Journal of Science, Vol. xvi, p. 60. 

t Thomson, Outlines, p. 543. % Sabine. ^ Blot. 
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tic, the variatioD is to the west. In the opposite hemispherei which 
comprises the whole of the American Continents both north and 
south, and the entire Pacific Ocean, together with a certain portion 
of Eastern Asia, the variation is to the east.* 

812. Beside the annual variation the magnetic needle %$ subfeet 
to daily changes called the diubnal variation. 

The deviation of the horizontal needle from its mean position is 
easterly during the forenoon, and arrives at its maximum about right 
o'clock. Thence it returns rapidly to its mean position, which it 
reaches between nine and ten o'clock, and then its variation becomes 
westerly ; at first increasing rapidly, so as to reach its maximum at 
about one o'clock in the afternoon, and then slowly receding durii^ 
the rest of the day, and arriving at its mean position about ten 
o'clock at night. These changes of declination during the day are 
connected with changes of temperature, aud their amount is greater 
in the warmer season of the year, and greatest of all in the month 
of July or August. Its amount rarely exceeds 12^ and is usually 
much less than that.f A veiy accurate series of observations on th« 
Diurnal Variation, was kept by Col. Beaufoy of England and con- 
tinued for two and a half years, 1817, 18 and 19, with the foUowing 
general results. 

Time of Obs. Declination* J^ferenee. 

Morning, - - 24° 14' 39'' - - 

Noon, - - - 24 21 64 - - - 7' 15'' 

Evenbg, - - 24 16 4.6 - - 4 49.6 

813. wS needle first balanced horizon faUy on its center of grMviif 
and then magnetised, no longer retains its level, but its north pak 
spontaneously takes a direction to a point below the horizon called thi 

DIP OF THE NEEDLE. 



* Library of Useful Knowledge. 

t Dr. Bowditcb, however, found in the diurnal variation at Salem, 
Mass. in the year 1810, that the declination varied, in a short period of 
time, 48'. 
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. Fig. 240. 

The Dipping ^eedle^ is represent- 
ed in figure 240. When used it is to 
be placed in the magnetic meridian, 
and to render the stand which supports 
it, perfectly level, by means of the ad- 
justing screws attached. 

The dip of the needle is very differ- 
ent in different parts of the globe, being 
in general least in the equatorial and 

greatest in the polar regions. At certain places on the globe the 
needle has no dip, that is, becomes perfectly horizontal, and a line 
uniting all such places is called the magnetic equator of the earth. 
Again, in the Polar Regions, the dipping needle sometimes becomes 
nearly perpendicular to the horizon. In the middle latitudes, the dip 
is greater or less but does not correspond exactly to the latitudes. 

If the magnetic meridian coincided with the geographical, the 
magnetic equator would coincide with the earth's equator ; but such 
is not the fact. We may consider the magnetic equator, in general, 
as a great circle encompassing the earth and inclined to its equator 
at an angle of about 12 degrees. It not 
only crosses the equator at two points 
diametricaUy opposite to each other, as a 
regular great circle would do, but crosses 
it also in one or perhaps two intermedi- 
ate points, as is represented by the dotted 
line in figure 240. 

The dip of the needle, like the declination is not constant at the 
same place, but undergoes a slight variation from year to year. In 
the course of two hundred and forty five years it has varied at Lon- 
don more than 5°. Its present amount is about 70°, and the vari- 
ation is from two to three minutes annually. 



Fig. 241. 




814. The force exerted by the magnetism of the earth varies in 
different places: its comparative estimate for any given place^ is calU 
ed the magnetic intensity for that place. 



As in the case of the pendulum in its relation to the force of grav- 
ity, the magnetic intensity may be measured by the number ofoscU- 
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lationsj (Art. 255.) which a needle drawn a given number of de- 
grees from its point of rest, performs in a certain timei as a minute 
for example, the force being as the square of the number of oscSIt* 
tions. In general it is well ascertained that the magnetic intensitjr ii 
least in the equatorial regions and increases, as we advance towardi 
the poles. It is probably at its maximum at the magnetic poles. Bj 
ascertaining, from actual observation, a number of different places 
on the surface of the earth where the magnetic intensities are equal^ 
and connecting them by a line, it appears that they arrange them- 
selves in a curve around the magnetic pole. These lines are caDed 
isodynamic curves. Extensive journeys, have been undertaken hf . 
Humboldt, Sabme, Hansteen, and others, to ascertain the point oo 
the surface of the earth where the magnetic intenaties are equtlf 
for the purposes of describing these curves. The earlier results in- 
dicated the position of the magnetic pole to be in the northeastern part 
of Hudson's Bay, lat. 60° N. Ion. 80° W. ;* but the directions of tbeie 
curves presented such anomalies as to suggest the idea of a secood 
magnetic pole in the opposite hemisphere, with the view of asce^ 
taining this point, Professor Hansteen of Christiana several yeui 
since, undertook a journey into Siberia, at the expense of the King 
of Sweden, and has fully confirmed the fact, that there exists a sa- 
cond magnetic pole to the north of Siberia, around which the isody- 
namic curves arrange themselves in regular order.f From experi* 
roents made in deep mines and in the upper regions of the atmos- 
phere by aeronauts, it appears that in both these situations, the mag- 
netic intensity is the same a? at the corresponding places on the sm^ 
face of the earth. 

815. The effects produced by the earth on a magnetic needle^ coih 
respond to those produced on it by a powetful magnet^ and 1m$ 
the earth itself may be considered as such a magnet. 

The magnetism of the earth has been supposed by some to rank, 
from a great magnet lying in the central parts of the earth jf by 



* Capt. Parry fixes the place of the magnetic pole in 102° W. Ion. • 
and 73° N. lat. t Sabine, Amer. Jour. XVII, 145. % Gilbert 
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tubers,* lo be nothing more than the resultant of all the smaller mag* 
netic forces scattered through various parts of the terrestrial sphere ; 
and by others, to be excited on the surface of the earth by the ac- 
tion of the solar rays. 

The supposition of a great magnet in the interior of the earth, to 
which all the phenomena of terrestrial magnetism are to be ascribed, 
is the earliest hypothesis, and is adequate to explain most of the facts 
of the science. But such a supposition is inconsistent with the re- 
cent discovery of two north poles (Art. 815.) implying the existence 
of four magnetic poles of the earth. The opinion of Biot, that ter- 
restrial magnetism is only the aggregate, or resultant, of all the 
individual magneuc forces residing in different parts of the earth, ap- 
pears to be no improbable supposition, and accords well with the 
geoeral doctrine of the composition of forces. 

816. The question has been raised, whether tlie magnetism of the 

earth is of the same nature with that induced upon simple iron, or 

whether it is of the nature of permanent magnetism. The two kinds 

are distinguishable from each otiier by the position which the centers of 

nugoetic action have. In a ball or shell for example, of simple 

iron, the center of action is coincident with the center of attraction 

of the mass; but when the ball is rendered a permanent magnet, 

thoBe centers of action, or poles, are in the surface of the body. 

Are we then to consider the two poles or centers of action which 

give direction to a magnetized needle on the surface of the earth, as 

coiocident in the center of the earth, or as at the extremities of that 

diameter which may be called the polarizing axis of the earth ? Till 

^eiy lately, no doubt was ever entertained, that the magnetic poles of 

the earth were either on, or very near its surface, in points nearly 

liametrically opposite to each other, one within each frigid zone; 

Uid that to those poles (which have been increased from two to 

hree, four, or more, according to the particular views of the respect- 

^e authors) the needle owed the directive quality which has for many 

:«oturies so much exercised the talents and ingenuity of philosophers. 

At length, however, in this, as in other branches of philosophy, 

be habit arose of registering facts and observations ; and then it was 



• Humboldt and Biot. 
Vol. U. 26 
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found to be impossible to assume any situation for these centers near 
the terrestrial surface, that would lead to results corresponding to 
those obtained from the observations which bad been recorded. 
Another mode of proceeding was therefore adopted, viz. the situa* 
tion of the two centers was now treated as indeterminate ; and then 
by a comparison of the general analytical expression thus obtained, 
with experiment, philosophers endeavored to ascertain the actual 
situation of the poles in question. M. Biot was the first to examine 
the subject under this point of view ; and, after numerous compari- 
sons, he at length decided that the nearer the poles were assumed 
towards each other, the nearer the computed and observed results 
agreed ^ and finally, by assuming the two centers as indefinitely near 
to each other in the center of the earth, the two series of numbers 
as obtained from those two sources, approached as nearly to com- 
plete coincidence as could possibly be expected. It follows there- 
fore that the laws of terrestrial magnetism are not to be sought among 
those which belong to bodies permanently magnetic, but to those 
appertaining to bodies passively or temporarily magnetic, as for ex- 
ample, simple iron and other ferruginous masses.^ 

817. In the year 1813, Dr. Morichini, of Rome, announced that 
the violet rays of the solar spectrum have the property of rendering 
iron magnetic. In 1825, these experiments were repeated and ex- 
tended by Mrs. Somervillef and resulted in proving that the magne- 
tizing power is not confined to the violet rays, but extends to the in- 
digo, blue, and green rays. The probable conclusion is, that a class 
of rays emanate from the sun which have the properly of producing 
magnetism and are distinct from those which afibrd light and beat, 
and produce chemical changes. Hence in the solar beam there are 
at least four distinct tints of rays, denominated, respectively, colorific^ 
calorific, chemical, and magnetizing rays. J 

818. Electricity and magnetism are, in some of their properties, 
remarkably alike, but in others strikingly dissimilar. 

Several of these analogies have been already incidentally meotioD- 
ed ; but it will be useful to the student to consider them in conoec- ' 



* Barlow. t Phil. Trans. 1836. % See Brewster's Optics, p. W. P 
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ion. Electricity and magnetism agree in the following particulars : 
(1.) Each consists of two species, the vitreous and resinous electri- 
cities, and the austral and boreal magnetisms. (2.) In hoth cases, 
those of the same name repel, and those of opposite names attract 
each other. (3.) The laws of induction in both are very analogous. 
(4.) The force, in each, varies inversely as the square of the dis- 
tance. (5.) The power, in both cases, resides at the surface of bod- 
ies, and is independent of their mass. 

But electricity and magnetism are as remarkably unlike in the fol- 
bwing particulars. ( 1 .) Electricity is capable of being excited in 
all bodies and of being imparted to all : magnetism resides almost 
exclusively in iron in its different forms, and, with a few exceptions, 
cannot be excited in any other than ferruginous bodies. (2.) Elec- 
trksity may be transferred from one body to another : magnetism is 
incapable of such transference; magnets communicate their proper- 
ties merely by induction^ a process in which no portion of the fluid 
is withdrawn from the magnetizing body. (3.) When a body of elon- 
gated Ggure is electrified by induction, on being divided near the 
middle, the two parts possess respectively the kind of electricity only 
which each had before the separation ; but when a bar of steel or a 
needle magnetized by induction, is broken into any number of parts, 
each part has both polarities and becomes a perfect magnet. (4.) The 
directive properties and the various consequences that result from it, 
the declination, annual and diurnal variations, the dip, and the differ- 
ent intensities in different parts of the earth, are all peculiar to the 
tnagnet and do not appertain to electrified bodies. 

819. The phenomena of magnetism are explained on the hypothec 
9is of two fluids^ reading naturally in iron and all ferruginous hod* 
ier, which when united^ exactly neutralize each other^s effects, but whieh^ 
teken separated^ exhibit the respective properties of boreal and aus' 
trd magnetism. 

Nearly all the arguments alleged in favor of the hypothesis of two 
Quids in electricity, apply equally well to magnetism. It is necessary 
llowever to assume, that the two magnetic fluids are separated from 
Qach other only at distances extremely small, for otherwise it is im- 
iMXNsible to account for the fact, that when a magnet is divided into 
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minute fragments, each piece contains both fluids, being b perfect 
magnet with two opposite poles. (Art. 803.) This hypotfaesisy Kke 
the corresponding one in electricity, has been submitted by Poisaon to 
to the most rigorous mathematical analysis, and all the deductiont 
made from it are found to accord exactly with the facts as ascerttin- 
ed by experiment. Hence this doctrine is generally receiTed, tod 
has nearly superseded the explanation formerly given by JSpinus, who 
accounted for magnetic phenomena on the supposition of a single flu- 
id, similar to the Franklinian hypothesis of electricity. 

According to the foregoing hypothesis, iron difiers from neariy 
every other natural substance in containing a certain portion of the 
compound magnetic fluid. This usually maintains its equilibrium 
and therefore is latent or insensible ; but various causes disturb ibis 
state of equilibrium, and then the separate fluids exhibit their pecu- 
liar properties. When once separated, they have the power of pro- 
ducing on the magnetic fluid of other masses of iron a similar separa- 
tion, each repelling the similar and attracting the dissimilar species. 
Hence one magnet aflTords the means of making another, and the 
process of magnetising consists not in imparting any thing from the 
magnetizing body, but merely in decomposing the fluid before resi- 
ding in the body magnetized, that is, separating it into its constituent 
fluids. Indeed, so far from losing by the process of magnetizing, the 
original magnet itself gains by the re-action of the new magnet which 
it has formed, which tends still more fully to develope or separate its 
own constituent fluids. By this means, what was originally a veij 
weak, may become a strong and powerful magnet, without any other 
aid, than what contributes to separate more fully the two fluids natu^ 
ally inherent in it. 

820. The facility with which soft iron acquires and loses magoetisD, 
(Art. 800.) is conceived to depend on the ease with which the mag- 
netic fluids pervade a mass of loose texture in which the particles 
have comparative freedom of motion, while the greater fixedness of 
the particles of hard steel, creates an obstruction to the motions of the 
same fluids. Thus a magnet loses its powers by exposure to a frfiite 
heat, (An. 802.) because the separate fluids having freedom of mo- 
tion combine and neutralize each other ; and the method of impart- 
ing magnetism to iron by magnetizing it while softened by beat aad 



ARTIFICIAL MAGNETS. 197 

mddenly cooling it, is so effectual, because in this way the two fluids 
are first easily separated by induction, and prevented from combining 
by the increased obstruction created by hardening the metal. The 
development of magnetism in an iron bar by percussion, (Art. 801.) 
is supposed to he owing likewise to the greater freedom of motion to 
the magnetic fluids by the vibration of the particles of iron, thus ena- 
bling these fluids to separate from one another, while as soon as the 
vibration ceases, that freedom of motion is lost, and the fluids are pre- 
vented from reuniting. That such a vibration is favorable to the ef- 
fect produced is inferred from the fact that blows which produce a 
ringing sound are peculiarly efficacious in developing magnetism. 
The same explanation is applied to the case where magnetism is lost 
by percussion } since here, the vibration would enable the separate 
fluids to combine. 

The periodical changes in the situation of the magnetic poles of 
the earth upon which the direction of the needle depends, including 
the annual and diurnal variations, the dip, and the intensity of the 
force, result from causes which have hitherto eluded discovery. 

Methods of making Artificial Magnets. 

831. If the learner has made himself acquainted with the princi- 
ples expounded in the preceding propositions, he will be qualified to 
proceed, witli interest and intelligence, to an explanation of the lead- 
ing methods practbed in the manufacture of artificial magnets. These 
Btetbods also, by involving a practical application of those principles, 
will serve to impress them on the memory and to render the knowl- 
edge of them familiar. 

It will be recollected that magnets are made from other magnets ; 
diat this is done not by any transference of a portion of the power of 
the magnetizing body, but by the development of the powers nat«- 
nrally residing in the body to be magnetized ; that this development 
is eflfected wholly on the principle of induction ; that the original 
magnet gains instead of losing by its action on other bodies ; that 
tak power may be induced on iron by the agency of an artificial 
flMgnet, or of the loadstone, or of the earth which is itself a weak 
■Mgnet, and acts upon the same principles as any other magnet. It 
flMiat afao be kept clearly in mind, that soft iron or steel readily ac- 
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quires and as readily loses the magnetism induced upon it, and that 
hardened iron or steel receives it slowly and with much difficulty but 
retains it permanently. As the earth itself may be supposed to have 
been the original source of magnetism in all other bodies in which it 
js found ; we shall begin by describing the methods of magnetizing 
from the earth without the aid of either a loadstone or an artificiai 
magnet. 

822. A certain degree of magnetism may be given to steel bars hf 
hammering them while in a vertical position. 

Bars of steel prepared for this purpose are of a prismatic form with 
rectangular sides, the length being ten times the breadth, and twenty 
times the thickness. Six or eight bars of equal size are to be pro- 
vided, and being held in a vertical position they are to be struck with 
a few blows of the hammer, when they will be found to have acqui^ 
ed a feeble degree of magnetism, which is indicated by their exhib- 
iting polarity and having the power of attracting iron filings. This 
effect will be much greater if the bars, while receiving the blows, be 
placed near to a mass of iron, so as to experience its inductive influ- 
ence. A pair of tongs may be used for this purpose ; during the pro- 
cess the tongs themselves become magnetic and by their reaction 
greatly increase the magnetism of the bars. 

823. A needle may be magnetized by simply suffering it to remain 
in contact with the pole of a strong magnet ; or better between tkit 
opposite poles of two magnets. 

The effect produced by two magnets is much more than double 
that of one magnet as may be inferred from article 796. But if 
the needle be of considerable length, several intermediate sets of 
poles are sometimes developed, as will be seen by applying iroo 
filings. It adds much to the power of the two magnetic bars between 
which the needle is placed, if to the extremity of the bar most re- 
mote from the needle, a mass of soft iron is placed. (See Art. 797.) 
The iron in this case, acts and reacts by induction ; and hence when- 
ever magnets are not in use, they require to be connected with iron 
to prevent the loss of their powers. Pieces of soft iron thus con- 
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nected with magnets for the purpose of augmenting their powers by 
inductioDy are called armatures. Thus A is the armature of the 
borse shoe magnet represented (Fig. 243.) 

824. But it must be recollected (Art. 819.) that the two species 
of magnetism are not, like those of electricity separated to a dis- 
tance from each other, so that one kind may be wholly collected at 
one end of the bar and the other kind at the other end ; but that 
the two are separated only at a minute distance remaining in the im- 
mediate vicinity of each other throughout the whole length of the 
bar. Hence, in order to give the magnetizing pole its full effect, it 
becomes necessary to apply it successively to every part of the bar 
from one end to the other. 

A more effectual method of magnetizing a needle is the following : 
Place two magnetizing bars A, B, par- 
allel to each other, with their dissimi- 
lar poles adjacent ; unite the poles at 
one end by a piece of soft iron R, and 
apply the poles at the other end to 
the needle, as is represented in figure 
242. Upon this principle, that is, the 

increased energy with which the two poles act together, is formed 
what is called the horse shoe magnet, which derives its name from its 
peculiar figure, (fig. 243.) Bars of 
this form are converted into magnets ^'^' ^^^^ 

upon the same principles as straight 
bars, the magnelizitig bar, being made 
to follow the curvature always in the 
same direction. A very efficacious mode of making horse shoe 
magnets is thus described by Professor Barlow. Two horse shoe 
bars may be united at their ends, in such a manner that the poles 
which are to be of opposite names shall be in contact. They are 
then to be rubbed with another strong horse shoe magnet, placing the 
latter so that its north pole is'next to the south pole of one of the new 
magnets, and consequently its south pole next to the north pole of the 
same ; carrying the movable magnet round and round always in the 
same direction. This is esteemed one of the most eligible modes of 
making powerful magnets. 





200 MAGNETISM. 

The horse shoe magnet is itself very convenieat for imparting mag* 
netism to other bodies. Place the poles near the center of the nee* 
djie ; move them along its surface backwards and forwards, taking 
care to pass over each half of it an equal number of times ; repeat 
the same operation on the other side ; and the needle will become 
speedily and effectually magnetized. 

825. The best mode of making magnetic needles in general, ig 
expressed in the following rule, given, as, the result of very exteq« 
sive and accurate experiments by Capt. Kater. 

Place the needle in the magnetic meridian ; join the opposite pokt 
of a pair of bar magnets, (the magnets being in the same line) and 
lay the magnets so joined, flat upon the needle^ with their poles upon 
its center ; then having elevated the distant extremities of the mag' 
nets, so that they may form an angle of about two or three degrtu 
with the needle^ draw them from the center of the needle to theex- 
tremities, carefully preserving the same inclination ; and having join- 
ed the poles of the magnets at a distance from the needle^ repeat the 
operation ten or twelve times on each surface.* 

In connexion with the foregoing rule Capt. Kater gives the fol- 
lowing summary of principles established with respect to the com- 
pass needle. J . That the best material for compass needles is a clock 
spring ; but care must be taken, in forming the needle, to expose it 
as seldom as possible to heat, otherwise its capability of receiving 
magnetism will be much diminished. 2. That the best /orm of a 
compass needle is a pierced rhombus, (6g. 245.) in the propoition of 
about five inches in length to two in width, this form being found sus- 
ceptible of the greatest directive force. 3. That the best method of 
tempering is first to harden the needle at a red heat, and then to 
soften it from the middle to about an inch from each extremity, by ex- 
posing it to heat sufficient to cause the blue color which arises, again 
to disappear. 4. That in the same plate of steel of the size of a 
few square inches only, portions are found varying considerably in 
their capability of receiving magnetism, though not apparently dif- 
fering in any other respect. 5. That polishing the needle has no 

* Phil. Trans. 
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apparent effect on its magnetism. 6. That in needles from five to 
eight inches in length, their weights being equal, the directive fareee 
are nearly as the lengths. 7. That the directive force does not de» 
pend upon extent of surface, but, in needles of the same length and 
form, it is as th0 mass. 8. That the deviations of a compass needlci 
occasioned by the attraction of soft iron, depends on extent qfsutfaee 
and is wholly independent of the mass, except a certain thickness of 
iron, amounting to about two tenths of an inch, which is requisite for 
the complete development of its attractive energy. 

826. The reasons on which the preceding rule and the annexed 
principles are founded, will for the most part be understood from 
what has gone before. A needle to be magnetized is placed in the 
magnetic meridian, because (the earth being considered as a magnet) 
the needle has its axis then parallel to that of the magnet, a position 
in which (Art. 797.) it receives the* greatest efiect from induction. 
The opposite poles are joined, because acting reciprocally up- 
on each other by induction, they augment each other's powers. 
The bars thus joined are placed on the center of the needle and 
drawn in opposite directions, for, by this means, upon that part of 
the needle which lies between them, the action of the two poles con- 
spire. Upon the part which lies between each bar and the adjacent 
extremity of the needle, the influence of the two poles is indeed 
<^ypo8ed to each other ; but as the poles are more remote from the 
parts where their actions oppose each other than from the parts where 
their actions conspire, they on the whole tend to augment each 
other's effects. The bars are first laid flat wise, and afterwards ele- 
vated by as small an angle as will serve the purpose of drawing them 
asunder, with their poles only in contact with the needle, because 
(Art. 797.) the effect of induction is strongest when the magnetizing 
bars are nearest to a parallelism with the body to be magnetized ; 
and the same angle of inclination is carefully preserved, for it is 
only in this way that both sides of the needle will have precisely the 
same strength, a condition essential to its perfection. In renewing the 
application of the bars they are removed to a distance before their 
poles are joined again, because it is important to secure the magne- 
tism the needle has already acquired against those partial disturban- 
ces vrhich might arise from the irregular action of the magnetic bar. 

Vol. n. 26 
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827. It may be observed, moreover, that in addition to these rules 
for communicating magnetism to the needle which are derived from 
general principles, there are others more or less empirical, which are 
derived from experiments expressly instituted for ascertaining all the 
circumstances most favorable for giving perfection tg this important 
instrument. Coulomb devoted himself, with his wonted assiduity, (o 
researches of this kind, with the view of ascertaining the kind of 
steel best suited to compass needles ; the size, form, and the temper, 
that are most advantageous ; and the comparative merits of the iSt 
ferent methods of magnetizing. By suspending the needle operated 
on in the place of the revolving index of the Torsi(Hi Balance, 
(fig. 123.) he had a most delicate test of the degree of attraction and 
directive force acquired in all the different cases which can be sup- 
posed to influence the powers of the needle. Capt. Kater has re- 
cently followed in similar inquiries; and it is from the results of his 
own and all other similar investigations, that the principles above spe^ 
cified are compiled. 

828. Magnets are liable to lose their power ^ to prevent which eer- 
tain precautions are necessary. 

If a single magnet is kept out of its natural direction it grows grad- 
ually weaker, and this loss of power is most rapid when its position 
is the reverse of the natural one, that is, when its north pole is turned 
towards the south. Under these circumstances, indeed, unless the 
magnet is made of the hardest steel, it will in no long time lose the 
whole of its magnetic power. Two magnets may also very much 
weaken each other if they be kept even for a short time, with tbeir 
similar poles fronting each other. The polarity of the weaker mag- 
net, especially, is rapidly impaired, and some times found to be actu- 
ally reversed. More frequently, however, there arises, from this 
opposition of powers, considerable irregularity and confusion in the 
poles of both magnets. 

Since heat also impairs the powers of the magnet (Art. 802.) it 
should never be exposed to a high temperature. We should L'kewise 
be very cautious to avoid all rough and violent treatment ; for its vir- 
tues are speedily impaired by concussion or whatever occasions a vi- 
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bradoD among its particles. It must not therefore be suffered to fall 
OD the floor, or be rubbed with coarse powders, or be ground with 
the view of altering its form. The loadstone has its powers impair- 
ed by similar means; hence we should attempt to alter its natural form 
as little as possible ; and when it is necessary to do so, it should be 
eflfected very rapidly by cutting it on a lapidary's wheel. 
. Although the loadstone retains its magnetic virtue more tenacious- 
ly than any artificial magnet that can be constructed, yet even this 
body requires a certain management for the permanent preservation 
of its powers. For this purpose it should be armed, as it is called ; 
that is, a piece of soft iron should be kept constantly in contact with 
the two poles. In order to do this most effectually, we must first as- 
certain the situation of the poles of the loadstone ; and cutting off all 
the superfluous parts, give it the shape of a parallelepiped, having 
the polesln the middle of two opposite surfaces, and at the same time 
taking care to preserve the axis, which passes through the poles, of 
as great a length as can be obtained ; for it has been observed, that 
any curtailment of the magnet in the direction of this line, deprives it 
of force in a greater degree than when shortened in any other direc- 
tion. Plates of soft iron are next attached to the two sides contain- 
ing the poles, which are made to project a litde way below the bot- 
tom of the loadstone, terminating in two 
bars like the poles of a horse shoe mag- 
net, to which bars a short bar of soft iron 
is attached, upon which the whole force of 
both poles acts simultaneously. This ac- 
tion exerted upon the iron bar is sufficient 
to preserve the powers of the loadstone 
from decay, (see fig. 244.) A similar 
piece of iron is applied by way of arma- 
ture, to the two poles of a horse shoe mag- 
net. Bar magnets also, when laid aside, 
shouM be placed with the north pole of 
one in contact with the south pole of an- 
other, or what is better, two bars may be placed parallel, at a little 
distance from each other, with their like poles in opposite directions, 
and having their dissimilar poles united by short pieces of iron, 



Fig. 244. 
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SO as to form with the bars a parallelogram. Magnets should be pol- 
ished because they are then less liable to contract rust.^ 

7%e Compass. 

829. The Compass, (the importance of which to maokiiidy ku 
attached to the subject of magnetism its principal value,) is of naoy 
different forms, but the chief varieties are the land compass, the Mm> 
iner's compass, the Azimuth compass, and the Variation conqpass. 
The needle, in all these varieties, is usually a thin flat plate of steel, to- 
pering at the extremities ; but, as we have already mentioned, (Art 
825.) a more eligible form has been proposed by Capt. Kater, con- 
sisting of four narrow strips of — . ^ 
steel, united in the form of a hollow ^' 
rhombus, (fig. 245.) It b found 
advantageous to concentrate the 
powers of the needle as much as 
possible in the two extremities, and to avoid all inequalities, arising from 
intermediate poles, or from a diflerence of strength in different parts. 
The needle is secured at the pomt of suspension, and furnished with 
a conical cap of brass which rests on a perpendicular pin ; and still 
farther to diminish friction, the point which rests on the extremity 
of the pin, is made of agate, one of the hardest mineral substances. 
Since, if the needle is magnetized after having been balanced on its 
center of gravity, it would no longer remain horizontal, the equipoise 
is restored by attaching a small weight to the elevated side. 

8S0. The compass, in its simplest form, consists of a needle like 
the foregoing enclosed in a suitable box covered with glass. This is 
all diat is essential when it is required merely to know the direction 
of the meridian, or the north and south points. But, for most purpo- 
ses, the compass is furnished with a graduated circular card, divided 
into degrees and minutes; and in the mariner's compass the card is 
also divided into thirty two equal parts called rhumbs. The card 
thus divided is fastened to the needle itself, and turns with it. 
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831. Tb!a, slender needles have ihe greatest directive powen, 
and are moat sensible, ance they undergo less frictioD than those which 
are heavier, but due regard to strength requires them to be made of 
a certain degree of thickness; an increase oflengtb is attended with 
an increase of directive power; but when the thickness reoaaiiis the 
•ame, the weight, and consequendy the fricdon, increases in the verf 
aune ratio ; do advantage, therefore, as to direcdve power can be 
obtained by any increase of length. Moreover, needles which ex- 
ceed a very inodentte length, are liable to have several sets of poles, 
a tdrcamstance which is attended with a great diminution of directive 
force. On this account, short needles, made exceedingly hard, are 
generally preferable. 



Fig. 246. 




. ^e great importance of the mariner's compass, has made 
Us construcrion an object of much attention, and the best artists have 
tried their skill upon it. The compass is suspended in its box in such 
I manner as to remain in a horizontal position notwithstanding all the 
moiionsoftheship. This is effected by means of^im&ob. Thiscontri- 
vance consists of a hoop, usually of brass, (fig. 246,) fastened horizon- 
tally to the box by two pivots placed opposite to each other, and con- 
atitudng the axis on which the hoop turns up and down. At an eqnai 
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distance from the pivots on each side, that is, at the distance of 90^ 
from each pivot, two other pivots are attached to the ring ai right an- 
gles to the former, on which the inner box that contains the card is 
hung. Of course when it turns on these pivots, its motkni is at 
right angles with that of the hoop. Therefore all the DiotiaM 
of which the compass box is capable, are performed aroond tno 
axes which intersect each other at right angles ; consequendy die 
point of intersection, being in both axes, will not move at all. But 
the needle and the attached card rest upon this point, and are con- 
nected with the compass box in no other point. Hence thej remain 
constandy horizontal in every position of the box. 

The Azimuth compass"" differs from the common mariner's com- 
pass only in having sights attached, by which the bearing of any object 
with the meridian may be ascertained. The Surveyor's compass is a 
variety of the azimuth compass. 

Local Aiiraciion of vessels. 

833. A few years since it was observed, for the first time, that the 
needle of the marmer's compass on board of a ship, does not ccMidnue 
to point constandy in the same direction, but alters its direction as the 
ship heads towards different parts. Changing the position of the ship 
from north or south to east or west, sometimes changes the direction 
of the needle 20^ or 30^. Indeed, in one instance mentioned by 
Capt. Sabine, shifting the ship's head from east to west, produced a 
change in the direction of the needle amounting tq 50^. Such irreg- 
ularities are found to be greatest in the polar seas. This effect is caus- 
ed by the attraction which the large quantity of iron on board a ship ex- 
erts upon the needle, consisting of the guns on board of a man of war, of 
the masses of iron sometimes employed as ballast, of the iron tanks 
recently substituted for water casks, and of the various bolts, bars, 
nails, &«. which enter more or less into the construction of every sort 
of vessel. 

In order to investigate the laws by which these effects were con- 
trolled and to devise a remedy for them, Professor Barlow, of the 

^ Azimuth as applied to a star or any celestial object, is an arc of 
the horizon intercepted between the meridian and a vertical circle 
passing through the object. 
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Military Academy of Woolwich, instituted a great number of experi- 
ments which resulted in the discovery of a method of obviating com- 
pletely every difficulty by neutralizing the effect of the iron of the 
fhip, and leaving the needle free to obey the impulse of terrestrial 
magnetism alone. It is easy to understand that all the various forces 
exerted by the iron in different parts of the vessel will have a single 
tesultant equivalent to the whole ; and that, if we can discover the 
amount and direction of this resultant, it will be only necessary to 
apply an equivalent force in the opposite direction to neutralize the 
efl^t of the iron. 

834. Mr. Barlow procured a solid ball of iron thirteen inches in 
diameter, and two hundred and eighteen pounds in weight. When 
the compass was above the ball, he found that the north end of the 
needle was attracted towards it; and that when it was below the ball, 
the south end was attracted towards it ; and that in traversing the 
interval between these two positions, it always passed through a point 
in which tlie ball had no effect on the needle. Instead however of 
moving the compass through these different positions, the compass 
Was su^red to remain stationary, and the ball suspended by means 
of pulleys was raised or lowered at pleasure, and thus easily brought 
into any required position with respect to the compass. The exper- 
iments showed that all those points in which the ball exerts no influ- 
ence on the needle, are in the same plane, and that this plane is incli- 
ned to the horizon towards the south, making an angle with the hor- 
izon equal to the complement of the dip ; and of course the direc- 
Hon of this plane is at right angles to the direction of the dip. This 
plane, therefore, in reference to the iron sphere, constitutes its mag- 
netic equator. It is at right angles to the magnetic meridian and cuts 
the horizon in the magnetic east and west points. A compass needle 
whose center is anywhere in this plane will not have its action disturb- 
ed in the least by the influence of the ball. Hence this plane is 
denominated the plane of no attraction or the plane of neutrality. 
Nor is the existence of such a plane confined to masses of iron of a 
globular shape ; it extends equally to masses of the most irregular 
form, and even to an assemblage of detached masses like those dis- 
posed through different parts of a ship. 
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835. The actual amount of deviation produced m the ahip's oooi- 
pass bj its local attraction will, of course, be diflbrent in difiemt 
vessels. With an easterly or westerly course, it has beea obserrei 
in the latitude of Liondon to vary from five to twelve or fiMurteen d0" 
grees : it is of greater amount as the ship is in higher latitudes } aad 
diminishes, without vanishing, at the equator ; and again increaseias 
we approach the south pole. Experiments were made oo eighl 
difierent men of war in the British harbors, and in all of them feiy 
considerable deviations were detected from the local cause under con- 
sideration, and an average deviation in the whole of 8^ 44^ The 
Gloucester, one of these ships, was invariably drawn to the southward 
of her intended place, notwithstanding the greatest care was takeo in 
steering her. Had it not been ascertained, by taking an observatkn 
that this error was altogether the efiect of local attraction, it wonU 
probably have been ascribed to the influence of an unknown curreoti 
The real deviation, estimated in distance, would occasion the vessel, 
after running ten miles, to be more than a mile and a half to the 
southward of her reckoning, and so on as the distance increased* 
An error of this magnitude, occurring in a narrow channel, and in a 
dark night, were it unknown or disregarded, might lead to the mtti 
disastrous consequences; and shipwrecks have been traced with 
much probability to this source of error in the reckoning. The km 
of the Thames Indiaman a few years since was ascribed to this cause. 
This vessel besides the usual supply of guns, had a cargo of mare 
than four hundred tons of iron and steel. The influence of such ao 
enormous magnetic mass would alone be quite su£5cient to explaio 
the otherwise unaccountable circumstance, that after leaving Beacbey 
head in sight at six o' clock in the evening, the ship was wrecked 
upon the same spot between one and two o'clock in the momiii|^ 
without the least apprehension of being near the shore.* 

* Barlow. 
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836. The Correcting Plate of Professor Barlow Fig. 246. 
aflbrds an e^ctual remedyf or those errors. It consists 
of a double plate formed of two thin disks of iron, 
screwed together in such a manner as to combine any 
strong irregular power of one plate, with a correspon- 
-ding weak part of another ; by which means a more uni- 
fana action is obtained. These plates are of a circular 
form twelve or thirteen inches in diameter. Now, it 
being ascertained from actual experiment (comparing 
the direction of the compass on board with its direc- 
tion on the shore), what is the amount of deviation 
occasioned by the iron of the ship, it is evidently pos- 
sible by bringing a small quantity of iron near to the 
needle to produce in it a deviation of the same amount, 
and of course to double the error in question. ■ The point where 
the correcting plate must be placed in order to produce tliis effect may 
be ascertained by experiment, and the plate afterwards laid aside. 
Whenever it is required to determine the error of the needle, the 
plate is restored to its plage, the deviation it occasions in the needle 
noted, which is equal to the error sought. Or, the plate may be fix- 
ed permanently on the other side of the needle in such a manner as 
easily to neutralize the error, leaving the needle subject to the at- 
traction of terrestrial magnetism alone. 

In order to bring the efficacy of the correcting plate to the test of 
experience, several of the ships of the Royal Navy of Great Britain 
were furnished with it, and trials were instituted with it in various 
parts of the world from the arctic to the antarctic circle, and with the 
most satisfactory results. This expedient, therefore, is at present 
held to be a most effectual corrective of the errors from the local at- 
traction of vessels. 



837. Chronometers, also, which are carried on board of ships for 
the purpose of finding the longitude, are liable to have their rate of 
going affected by the magnetic action of the iron of the ship. Al- 
though a sudden alteration in the rates of chronometers at sea, had 
frequently been observed, yet the cause was not detected until as 
late as the year 1818. It appeared on examination, that the effect 
was produced by the magnetic actron of the ship's iron upon the in- 

VoL. II. 27 
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Der rim of the balance of the chronometer, which is made of steel. 
A similar influence was perceptible on placing magnets in the nei^- 
borhood of the chronometer. Mr. Barlow applied himself to exper- 
iments on this subject, and found that masses of iron wholly destitute 
of permanent magnetism, occasioned an alteratbn in the rates oi 
chronometers, placed near them in different positions. Sometimes 
they were accelerated and sometimes retarded. Hence, it is recom- 
mended to keep the chronometer, on board of any ship, out of the 
vicinity of any large mass or surface of iron. 

The method proposed for rectifying this error is the same as that 
for correcting the compass, namely, by first ascertaining what the 
effect of the ship's iron upon the chronometer is, and then appljring 
the correcting plate upon the same principles as in the case of the 
compass. The late voyages to the northern Seas, undertaken by the 
British government, however they may have failed of gaining tbar 
principal object, namely, the discovery of a northwest passage, still 
achieved many valuable results in experimental science, bpt in none 
perhaps more than in the science of magnetism. Among the res^ 
they made numerous observations on the local attraction of vesseb; 
on the magnetic effect of the ship's iron upon the rate of chronome- 
ters ; upon the position of the magnetic poles ; upon the phenomena 
of the dipping needle ; and upon the magnetic intensities of differ- 
ent places on the earth's surface. 

Magnetic Charts. 

838. The great importance of the mariner's compass to the art of 
navigation, has induced the British government, at different times, to 
send abroad men of science to make observations on magnetism io 
different countries, with the view of reducing the principles on which 
the variation of the compass depends to settled laws. The first great 
enterprise of this kind was undertaken about the year 1680, by Dr. 
Halley, one of the most distinguished and zealous philosophers of that 
age. For the purpose of ascertaining the law of the variation of the 
compass. Dr. Halley was invested with the command of a national 
ship, in which he traversed the Atlantic ocean in various parts, extend- 
ed his voyage to the fiftieth degree of south latitude. After he had 
collected a great number of observations made by others, and com- 
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pared them with his owd, he published, in the year 1700, a synop- 
sis of them in the form of a chart, in which the ocean was represent- 
ed as crossed by a number of lines passing through those places where 
the compass had the same deviation. Thus, in every point of one 
line there was, in the year 1701, no variation ; in any point of anoth- 
er line, the compass had twenty degrees of east variation ; and in 
every point of a third line it had twenty degrees of west variation.* 

But, though HaDey's chart was constructed with all possible care, 
and presented a comprehensive view of all that was then known of the 
subject, yet it could not be of much permanent utility since the lines 
of which it is composed are themselves continually changing their re- 
lation to one another. Among the recent Magnetic Charts which have 
been published, that of Professor Hansteen of Norway is the most ex- 
tensive and mostusefuHf 

The great and constant irregularities of all the lines described on 
magnetic charts, whether they relate to the variation of the compass, 
or to the magnetic dip and intensity, are such as almost to preclude 
the hope of reducing the phenomena of terrestrial magnetism to laws 
so definite, as to affi)rd rules of calculating these particulars for any 
given place, mdependendy of experiment. The western line of no 
variation, however, is much more regular than the eastern ; and a gen- 
eral idea may be formed of it, by conceiving it to extend from a point 
to the northwest of Hudson's Bay, running in a southeasterly direction 
through the western part of Lake Superior, and through Lake Mich- 
igan, passing near the western extremity of Lake Erie, and through 
North Carolina. It runs not far from the Island of Bermuda, and 
thence, eastward of all the West India Islands to the northwestern part 
of South America, near the equator. Thence its course is through the 
Southern Atlantic to the longitude of Greenwich. Such, however, 
is the variation of the compass, that Professor Barlow is of the opin- 
ion that every place has a polarising axis peculiar to itself, and that 
it is vain to seek for magnetic poles common to the whole earth. 

♦ Robinson's Mech, Phil. IV, 358. 

t See an excellent representation of this chart in the Encyclopaedia 
Metropolitana, Art. Magnetism. 
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CHAPTER I. 



PRELIMINARY DEFINITIONS AND OBSERVATIONS. 



839. Optics is that branch ofJVatural Philosophy which treats if 
JLight and Vision. 

More particularly, it is the object of this science to investigate the 
nature of the agent on which the phenomena of vision depend ; to 
treat of the motions of light, in respect to its direction, its velocity, 
and its reflexion from the surfaces of bodies, to trace its change of 
direction, and the various other modifications it undergoes by passing 
through different transparent media ; to explain the phenomena ef 
nature which depend upon the properties of light, embracing the doc- 
trine of color; to trace the relation between light and the structure 
of the eye, comprehending the subject of vision; and finally, to de- 
scribe the various instruments to which a knowledge of the principles 
of Pptics^has given birth, disclosing many new and wonderful prop- 
eities of light, and extending the range of human vision, on the one 
hand, to myriads of objects too minute, and on the other, to number- 
less worlds too remote, to be seen by the unassisted eye. 

840. " There is no branch of Philosophy (says the Abbe Hauy) 
more deserving of our study, whether we consider its beauty, or the 
multitude of phenomena which it exhibits. The advantages we do- 
rive from the fluid that enlightens us are -sufficient of themselves to 
excite the closest attention, that we may fully understand its proper- 
ties. If air, serving as the vehicle of speech, enables us to carry od 
an intercourse of thought with our fellow creatures, how greatly is 
tliat intercourse improved by light, which renders their image present 
to us, — their image which has so many things to say ! The eye, 
more susceptible than any of the other senses of multifarious ioipres- 
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foonSj by the aid of light, takes in at once, in bodies, the forms by 
which they are limited, the colors that embellish them, their relative 
positions, and the motions by which they are transported in space. 
It discriminates, without confusion, all those modifications that seem 
to sport in a thousand different ways, in that grand diversity of objects 
to which a single look can extend itself." 

841. To these remarks it may be added that, the greatest minds 
have labored here 5 the genius of Newton has left its impress upon 
every part of this science ; an agent, the most subtle and fleeting in 
nature, has, by such hands, been bound down to the most rigorous 
mathematical laws ; and since Optics lays the foundation for the most 
curious as well as the most sublime researches in nature, in the two 
provinces of Natural History and Astronomy, men of the most pro- 
found and ingenious minds, in different countries, have labored and 
are still laboring to carry it to perfection. With a view of securmg 
to the learner the greatest practical advantages from the study of this 
science, we shall select for his perusal, from the vast mass of mate- 
rials that have been accumulated and which are to be found in opti- 
cal writers, such principles and such illustrations, as we shall deem 
most instructive in regard to the properties of light and colors, and 
the principles of vision, and to the construction of such instruments 
as mirrors, microscopes and telescopes. Our limits will necessarily 
c<mipel us to omit the detail of many interesting and curious mod- 
em researches into the nature of light and colors, for the develop- 
ment of which we must refer to more extensive treatises, as those 
of Biot, Brewster, Herschel and Coddington. 

842. Liuminous bodies are naturally of two kinds, such as shine 
by their own light, as a lamp or the sun, and such as shine by bor- 
rowed light, as the moon, and most of the visible objects in nature. 

A ray is a line of light ; or it is the line which may be conceived 
to be described by a particle of light. In a more general sense, the 
term is applied to denote the smallest portion of light which can be 
separately subjected to experiment. A beam is a collection of par- 
allel rays. A pencil is a collection of converging or diverging rays. 
A fnedium is any space through which light passes. When a space 
b a perfect void, so as to offer no obstruction to the passage of light. 
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it is said to be a^ee medium; when the space intercepts a portioo 
only of the light, it constitutes a transparent medium. Transparenqr, 
however, may exist in different degrees. When the medium itself is 
invisible, as portions of air, it is said to be perfectly transparent; 
when the medium is visible, but objects are seen distinctly throc^ 
it, as in the clearest specimens of glass and crystals, it is said to be, 
simply, transparent; when objects are indistinctly seen through it, it 
is semu-transparent ; and when a mere glimmering of light passes 
through, without representing the figure of objects, it is translucent. 
Bodies that transmit no light are said to be opake. 

843. Rays of lights while they continue in the same un^orm mc- 
dium^ proceed in straight lines. 

For objects cannot be seen through bent tubes ; the shadows of 
bodies are terminated by straight lines ; and all the conduaons drawn 
from this supposition, are found by experience to be true. K twa 
bodies with plane surfaces, as two disks of metal, be held between 
the eye and some luminous point, as a star, on bringing the two planes 
gradually towards each other, the star may be seen through the in- 
tervening space until the planes come completely into contact ; bat if 
one of the surfaces is convex and the other concave, the light is in- 
tercepted before the surfaces have met.* In consequence of die 
rectiUnear motion of light, it forms angles, triangles, cylinders, cones, 
tsc., and thus its affections fall within the province of geometry, die 
principles of which are applied with great efifect to the development 
of the properties and laws of light, after a few fundamental properties 
are established by experiment. 

844. From every point in a luminous object, an inconceivable 
number of rays of light emanate in every direction when not protect- 
ed by obstacles that intercept it. Thus, from every point in die 
flame of a candle, as seen by night, light difi!uses itself, pervadmg an 
immense sphere, and filling every part of the space so perfectly, that 
not the minutest point can be found destitute of some portion of its 
rays. Any luminous body of this kind is called a radiant. The 
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pencil of light which proceeds from a radiant, is a cone, the sections 
of which made by any plane corresponds to the figures called conic^ 
sections. If any portion of the the pencil be intercepted by a rec- 
tilateral figure, that portion constistutes a pyramid of which the fig- 
ure is the base and the luminous point itself is the vertex. 

845. lAght has a progressive motion of about one hundred and 
ninety ttoo thousand Jive hundred miles per second. 

The estimation* of the velocity of light, (which may be classed 
among the greatest achievements of the human mind,) has been ef- 
fected in two different ways. The first method is by means of the 
eclipses of Jupiter's satellites. To render this mode intelligible to 
those who have not studied astronomy, it may be premised, that the 
planet Jupiter is attended by four moons which revolve about their 
primary as our moon revolves about the earth. These small bodies 
are observed, by the telescope, to undergo frequent eclipses by falling 
iato the shadow which the planet casts in a direction opposite to the 
SUD. The exact moment when the satellite passes into the shadow, 
or comes out of it, as seen by a spectator on the earth, is calculated 
by astronomers. But sometimes the earth and Jupiter are on the 
jsame side, and sometimes on opposite sides of the sun ; consequent- 
Ijf the earth is, in the former case, the whole diameter of its orbit, 
or about one hundred and ninety millions of miles nearer to Jupiter 
ibm in the latter. Now it is found by observation, that an eclipse of 
one of the satellites is seen about sixteen minutes and a half sooner 
when the earth is nearest^ to Jupiter, than when it is most remote from 
it, and consequently, the light must occupy this time in passing through 
the diameter of the earth's orbit, and must therefore travel at the 
rate of about one hundred and ninety two thousand miles per second.* 
Another method of estimating the velocity of light, wholly independent 
of the precedbg, is derived from what is called the aberration of 
ike fixed stars. The full explanation of this method must be refer- 
red to astronomy ; but it may be understood, in general, that the 
apparent place of a fixed star is altered from the effect of the mo- 
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tioQ of its light, combined with the motion of the earth in its orbit 
It will be remarked that, the place of a luminous object is d^muo- 
ed by the direction in which its light meets the eye. But in the 
case of light commg from the stars, the direction is altered in con- 
stquence of the motion of the earth in its orbit, being intermediate 
between the actual directions of the earth and the light of the star; 
and the velocity of the earth in its orbit being known, that of light 
may be computed from the proportional part of the effect produced 
by it in causing the aberration. The velocity of light, as deduced 
from this method, comes out very nearly the same as by the other * 
Hence it is inferred that the velocity of light is uniform. 

846. The phenomena of Light may be explained^ either on di 
iupposiiion that light is a material fluid of extreme subtUity, m 
that it is produced by the undulations of an independent medium itf 
fit motion by the luminous body. 

Opticians of great eminence, as Descartes, Huygens, Euler, and 
Young, have held the opinion that light does not consist oi actad 
emanations of material particles from the luminous body, but tbit 
such a body has merely the property of communicating a series of 
vibrations to a peculiar fluid that is diffused throughout the universei 
which vibrations form the communication between the luminous hoij 
and the eye. The medium is conceived to be of extreme tenui^ 
and elasticity ; such, indeed, that though filling all space, it sbal 
offer no appreciable resistance to the motions of the planets, coffl- 
ets, &;c. capable of disturbing them in their orbits. It is moreover iffl- 
agined to penetrate all bodies ; but in their interior to exist in a diA 
ferent state of intensity and elasticity from those which belong to itii 
a disengaged state, and hence the refraction and reflexion of light. 
Newton, however, and with him the greater number of opticians haie 
held, that light consists of actual particles of matter sent off fiom 
luminous objects to the eye. In the former case the fluid is only die 
medium of light, as air is the medium of sound; the vibrations of 
the medium following each other as wave follows wave, with incred- 
ible swiftness, and thus conveying the Impression from the radiant to 



[4 
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the eye : io the latter case, the motioo is simply that of a cham of 
particles moving id right lines with the same astonishing velocity. 
Thus when the sun rises, it either sends forth luminous particles 
which entering the eye occasion the sensation of vision ; or it puts in 
motion the peculiar fluid which is the medium of light, which mo* 
tion is propagated from wave to wave till it reaches the eye.* 

847. It forms a strong objection against the hypothesis of uodula- 
tioos, that the motions of light are conflned to right lines^ a condi- 
tioo not essential to this species of motion ; while it is a strong argu- 
ment in favor of the materiality of light, that it exhibits the property 
of attraction, one of the most characteristic properties of matter. 
The motion is conformable to the laws which regulate the motions of 
small bodies under the same ciicumstances. Thus, when it meets 
'with no impediment, it moves uniformly forwards in right lines ; it is 
affected by passing into mediums of diflTerent densities in a manner 
correspondent to the law of the mutual gravitation of matter, being at- 
tracted from rarer towards denser bodies ; and finally it produces 
certain chemical changes in bodies which belong to none but a ma- 
terial agent. The rays of light also by passing through certain roe- 
da, undergo a change to be described hereafter under the head of 

Jfdartzation^ in which the opposite sides of a ray appear to be en- 
dowed with different properties, a fact which accords ill with the idea 
nS undulations, though it is quite consistent with the doctrine of the ma- 
lariality of light. The latter hypothesis moreover, has the advan- 
tage of leading the student to a more ready apprehension of the na- 
ture of optical phenomena. Still, the object of this science is not 
io much to ascertain the nature of the agent on which the phenome- 
BE of light depend, as it is to study those phenomena themselves, and 
to classify them under general laws, which may be applied to the 
construction of optical instruments, and to the interpretation of Nature. 

848. To the doctrine of the materiality of light, it has been object- 
id, first, that material particles endued with such immense velocity, 
irould have a momentum which nothing could resist, much less so 
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delicate an organ as the eye ; secondly, that were the rays materiali 
so prodigious is their number scattered throughout the universe, they 
would interfere with one another ; and, thirdly, that the sun and stars 
would waste away and grow dim, by such a constant and profuse ex* 
penditure of matter. But these objections severally admit of a satis&o- 
tory reply. In the first place, the momentum of a ray of light may 
still be inconsiderable, if the quantity of matter is small in the same 
proportion as the velocity is great. Though such an attenuation of mat- 
ter is amazing, yet it is not incredible, but perfectly consistent vrith 
known analogies of nature. In the second place, notwithstanding the 
universal diffusion of light, no interference of its particles is necesst* 
ry, for it is not essential to the purposes of vision that a ray should 
consist of contiguous particles of light. It is found that the sensation 
continues for sometime after the luminous object is removed, during 
an interval sufficient for light to pass through twenty two thousand 
miles ; consequently, particles no nearer to each other than this dis- 
tance, would be competent to maintain uninterrupted vision. Thus an 
ignited stick whirled in the air, exhibits a ring of light, because the 
sensation continues for a longer time than the illuminated point occu- 
pies in passing round the circle. In the third place, the small daih 
ger of waste sustained by the sun in consequence of the light which 
it dispenses, may be inferred from the following remarks of Dr. Priest- 
ly. After relating an experiment, in which the light of the sun col- 
lected during one second, by a concave reflector of four square feet, 
and thrown on the arm of a delicate balance, indicated a weight not 
exceeding the 1200 millionth part of a grain, the Doctor adds: 
" Now the light in the above experiment was collected from a sur- 
face of four square feet, which reflecting only about half what falls 
upon it, the quantity of matter contained in the rays of the sun mci- 
dent upon a square foot and a half of surface in one second of time, 
ought to be no more than the 1200 millionth part of a grain. But 
the density of light at the surface of the sun is greater than at the 
earth in the proportion of 45000 to 1 ; there ought, therefore, to 
issue from one square foot of the sun's surface, in one second of 
time, in order to supply the waste by light, one forty thousandth 
part of a grain of matter ; that is, a little more than two grains in a 
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daj, or about 4752000 grains, which is about 670 pound avoirdupois 
in dx thousand years."* 

849. The intensity of lights at different distances from the radv* 
anty varies inversely as the square of the distance. 

This proposition is proved in the same manner as that respecting 
gravity, (Art. 11. Vol. I. p. 4.), the reasoning in which applies to all 
emanations from a center. 

Although the intensity of light decreases rapidly as we recede from 
the radiant, yet the brightness of the object suffers little diminution 
by increase of distance. Thus a candle appears nearly as bright at 
the distance of a mile as when close to the eye. If, while the ob- 
server remains stationary, the light which was before spread over a 
given area, should be all collected into a space half as large, the 
brightness would obviously be twice as great as before ; or, in gener- 
al, the brightness, the quantity of light being given, is inversely as the 
Ae area, that is, inversely as the square of the diameter. Now as 
we recede from an object, its area is apparently diminished, and on this 
account its brightness is increased in the. same ratio as it is diminish- 
ed by the cause operating according to the foregoing proposition. 
The brightness therefore remains constant.f 

This is to be understood, however, only of light passing through a 
fiee medium ; by traversing the air the brightness is diminished accord- 
ing to the following law. 

850. TTie effect of a transparent medium of uniform density ^ is to 
diminish the intensity of light in a geometrical ratio. 

For, imagine that the medium, a piece of glass for example, is 

divided into equal laminae, of such thickness that the first lamina 

1 
shall stop -th part of the rays that fall upon it. Then there will 

1 n— >1 11. 

issue from the lamina 1 — -= rays. The second lamina, in like 

n n ^ 



• Priestley, Hist. Light and Colors. t Herschel on Light. 
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manner, will stop -th part of the light which falls upon it, that is, 

-of = — :r"» There will, therefore, issue from the second 

n-1 n-1 (n-l)« ^ , . , 

lamina, — — r-= 1 — . In the same manner it may be 

(n-l)» „ 
shown that there will issue from the third lamina, ; — . Hence 

the series expressing the decreasing quantities of light, is — -"» 

(n~l)« (n-l)3 . . . . . - 
; — , J — , &;c. which is evidently a series in geometrical 

progression.* 

85 1 . The shadow occasioned by the interposition of an opake bodjfs 
in an illuminated medium^ and received on a plane^ is always terminr^ 
ated by a penumbra or partial obscuration. 

Thus, in Fig. 248, let C rep- Fig. 248. 

resent the sun, and DE an opake 
body perpendicular to the hori- 
zon. The eye moving from I 
towards D, the light will begin 
to be intercepted when the eye 
reaches H ; half the light of the 
sun only will be perceived at G, 
and beyond F, the disk will be entirely obscured. 

852. If light emanating from a luminous globe, be projected upon 
an opake globe that is larger than the former, the part which causet 
the illumination toill be greater than, and the part which receives th 
illumination less than,, a hemisphere. If the globe from which the 
light emanates be greater than the other, the contrary will take place. 
If both globes be equal, the half of the radiant globe will illuminate 
half of the opake globe. 



• Barlow. 
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Suppose that light emitted from the whole surface of the globe B 
(Fig. 249.) illuminates the face which is towards it of the larger globe 

Fig. 249. 



C; let the tangent planes, which in the figure are projected into the 
lines LQ, KV, be drawn to touch both spheres. Then it is evident 
that every part of the surface of the smaller sphere which lies be- 
tween L and K towards C, communicates its portion of light towards 
tlie illumination of the larger globe ; and, on the other hand, that no 
part of the surface of that larger globe, which is beyond the points 
P and O, can receive direct light from the smaller globe. If now, 
perpendicularly to the right line BC, which joins the centers of the 
two globes, there be drawn two diameters IH, NM, being projections 
of the great circles which divide each into its respective hemispheres, 
it will be manifest that the portion LRK of the smaller sphere, which 
iUaiDinates the larger, exceeds a hemisphere; while the portion OSP 
of the larger sphere, which receives illumination, is less than a hemi- 
spbere. The contrary will obviously be the case, if C be the lumin- 
ous, and B the opake globe. And if C and B were equal in size, 
LP and KO would both be parallel to BC ; BL and BK would coin- 
cide with BH and BI ; CP and CO would coincide with CM and 
CN: and, consequently, the portion of one globe which tended to 
illuminate the other, and the portion of the second which received 
the illumination, would both be hemispheres. • 

A luminous globe illuminates the. half of an equal globe, at what- 
ever distance they may be, the one from the other ; but a globe which 
throws light upon a smaller one, illuminates so much the greater por- 
tion as it is nearer, and reciprocally. 

853. The shadow of a globe that is illuminated by an equal globe, 
is cylmdrical and indefinitely long. The shadow of a less globe, ilia- 
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mmated by a greater, (as of the earth, or of the mooD, iHaminated by 
the sun,) is a cone of finite length, whose dimensioas may be eaaly 
computed when the diameters and distances of the globes are known. 
And lastly, the shadow of a globe, illuminated by one that is smaller, 
extends itself indefinitely in a truncated cone, perpetually enlarging. 
These several truths will be readily understood by referring to Fig. 
249.* 

854. Light, when it impinges on smooth surfaces, is reflected back 
into the same medium, and when it passes out of one medium into 
another, it is bent out of its former course, or refracted. The la^^s 
of reflexion and refraction constitute, severally, important depart- 
ments of the science of Optics, and to these our attention will now 
be directed. 



CHAPTER II. 



OF THE REFLEXION OF LIGHT.f 



855. Zdght is said to be reflected wheriy on impinging upon any 
surface^ it is turned back into the same medium. 

Instruments employed as reflectors are divided into mirrors and 
speculums. The name mirror is applied to reflectors made of glass 
and coated with quicksilver, as common looking glasses : the word 
speculum is applied to a metallic reflector, such as those made of 
silver, steel, tin, or a peculiar alloy called speculum metal. As the 
light which falls on glass mirrors, is intercepted by the glass before it 
is reflected from the quicksilvered surface, a speculum, or a reflector 
of polished metal, is that supposed to be employed in optical experi- 
ments, unless the contrary is specified. Such a surface, indeed, is 
to be understood where the word mirror is used without distinctioD. 

♦ Barlow. 

t That part of Optics which treats of reflected light is sometimes 
denominated Catoptrics (Ka7a), and that part which treats of refract* 
ed light, Dioptrics (Aia). 
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The surface of the mirror or speculum may be either plane, con- 
cave or convex, and the reflector is denominated accordingly. 

A ray of light before reflexion is called the incident ray. The 
angle made by an incident ray, at the surface of the reflector, with 
a perpendicular to that surface, is called the angle of incidence: the 
angle made, by the reflected ray with the same perpendicular is call- 
ed the angle of reflexion. Thus, in -piz. 250. 
Fig. 250, if MN represents the re- a d B 
fleeting surface, DC a perpendicular 
to it at the point C, AC the inci- 
dent, and BC the reflected ray ; then 
ACD will be the angle of incidence, 
and BCD the angle of reflexion. 

856. Experiments on light are usually conducted in a room which 
can be made dark with close shutters, one of which is perforated 
^ith a circular hole, a few inches in diameter, for admitting a beam of 
light. This opening is rendered smaller to any required degree by 
Covering it with a piece of board or metallic sheet, having a smaller 
aperture. And, as the sun may not ^ine directly into the shutter at 
the time required, a mirror is sometimes attached to the outside of 
the shutter, so contrived that, by means of adjusting screws, it may 
be made to turn the rays of the sun into the opening, and to give 
them a horizontal or any other required direction. The course of 
the rays is rendered palpable to the eye, by the illuminated par- 
ticles of dust that are floating in the air. 

857. The angles of incidence and reflexion are in the same plane^ 
and are equal to each other. 

Let a ray of light AC (Fig. 250,) admitted into a dark chamber as 
above, be incident upon a horizontal speculum MN at the point C, 
to which the line CD is perpendicular, and let CB be the reflected 
ray. Then if the plane surface of a board or a metallic plate, be 
made to coincide with the incident ray and the perpendicular, it will 
be found to coincide also with the reflected ray,' showing that the 
Jiree rays are in the same plane. Again, if, from the point C, with 
be radius CA a circle be described, on measuring the arcs subten- 
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ded by the angles of incidence and reflection, they will be . found 
to be exacdy equal to each other.^ The following corollaries will be 
evident on consideration : 

That the complements of the angles of incidence and reflecdoD, 
are also equal ; 

That the reflected ray may be taken for the incident ray, and 
vice versa ; 

That, if the incident ray be perpendicular to the reflecting surface, 
it will be reflected back in the same line. 

The angles of incidence and reflexion are also equal when the re- 
flexion takes place from a concave or convex surface ; for the re- 
flexion being from a pointy the curve and tangent plane at that pobt 
coincide, and have both the same perpendicular, namely the radios 
of the curve. 

Refieadon of Light from Plane Mirrors. 

858. When rays of light are reflected from a plane surface^ the 

reflected rays have the same inclination to one another as their car- 

responding incident rays. 

Fig. 251. 
Case 1. Parallel Rays.— Lei C A HO 

RSbe the reflecting surface ; AB, 

CD the incident, BG, DH the 

reflected rays. Then the angle 

ABR=GBS, and CDR=HDS; 

but since AB and CD are parallel, 

ABR=CDR; therefore, GBS= 

HDS, and BG, DH are parallel. 

In the foregoing example, the angles of incidence are supposed 

to be in the same plane ; but where these angles are in difiereot 




* An ingenious apparatus is described by Biot {Precis^ Elem, tome 
II, 136.) by which this experiment may be performed with the ut- 
most degree of precision : the results are as enunciated in the pro- 
position. 
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Fig. 252. 



ilanes let AB, CD, (Fig. 253.) be two parallel rays iocideot upon 
he plane mirror MNOP; having their 
tngles of incidence in different planes ; 
rom their points of incidence BD, 
h^wthe perpendiculars BE, DF; join 
3D, and let DH be the intersection 
if the two planes, CDH and GDBH. 
Since BE, DF are both drawn per- 
pendicular to the same plane, they are 
[orellel;* and as AB and CD are 
parallel by supposition, the angles of incidence ABE, CDF, are 
equal.f Because EB, FD, and AB, CD, are parallel, the planes 
ABG, CDH are also parallel, | and they aie intersected by the plane 
GBDH; consequently DH is parallel to BG, and EBG=rDH. 
But EBG=angle of reBesion of AB; consequently, FDH=an- 
gle of reHexion of CD; and as DH is in the plane CDF, CD is 
teflected in the direction DH, which is parallel to BG. 




Case 2. Diverging Ray». Fig. 253. 

-Let RAB (Fig. 253.) be 
> pencil of diverging rays, 
Qcideot upon the plane mir- 
or PB, and from R draw 
ilF perpendicular to PAB, i 
>nd cutting the mirror in P. 
jet AD be the reflexion of 
m incident ray RA, and pro- 
Jiice DA backward to F, 
Hien PAR=BAD=-PAF; consequently,™ the right angled trian- 
gles PAR, PAF, the angles are all equal, and PA common ; hence 
llP=PF, that is, the reflected ray proceeds as if it came from a 
|KUnt F, on the other side of the mirror, and from tbe same distance 
IriHn it as P. In like manner it may be shown, that all the other 
tvji will proceed as if they diverged from F, and therefore F is 
4e virtual focus of all tbe reflected rays. Since PRA=PFA, it 
may be shown in the same way that PRB=PFB ; hence, taking 




t Euc. 9, 2. Sup. t Buc. 13, 2. Sup. 
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equals from equals, the remainder AFB=ARB, that is, the rays 
after reflexion have the same inclination as before. 

Case 3. Converging Rays.—l( DA, CB, (Fig. 253.) coDstitate t 
pencil of incident rays converging to the point F, it follows from the 
above reasoning that they will converge to the focus R after re- 
flexion. ^ 

869. Parallel rays, incident upon a concave or convex mirror, are 
reflected to a focus equidistant from the surface and the center ofih 
mirror. 

Fig. 254. 

Let RA, RE, (Fig. 254.) ^ y 

be parallel rays incident upon b^ 
the spherical mirror AEB, 
whose center is C. The ray R^ 
RE, passing through the cen- 
ter C, and therefore falling 
perpendicularly on the mirror at E, will be reflected in the direction 
EC. Having joined CA, and made the angle CAF=CAR, the 
ray RA will be reflected in the direction AF. At the point of inci- 
dence A, draw the tangent GH, cutting CE produced in H. Then 
because RA and RE are parallel, the angle RAC=ACE=CAF; 
consequently CF=FA. But since CAH and CAG are equal, and 
likewise CAF and CAR, .'. FAH = RAG=FHA .'. FA=FH. If 
we now suppose the ray RA to approach the axis RE, the arc AE 
will diminish, and its secant CH will ultimately become equal to the 
radius CE, and then FH will be equal to FE, and of course FA 
or FC will equal FE. 

The foregoing proposition is applicable to such rays only as are 
exceedingly near to the axis of the mirror CE. As the parallel 
rays are more remote from the axis, the focus F approaches 
nearer and nearer to the point E, until, when the arc EA becomes 
equal to 60°, F coincides with E ; for then the angle CAF and ACF 
being each equal to 60°, the remaining angle of the triangle ACF 
must also be equal to 60° ; consequently, CF must equal CA, and 
of course the point F will coincide with E. 
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860. If several beams of parallel rays be incident nearly perpen- 
dicularly upon a spherical mirror, the foci of the reflected rays, will 
be in a spherical surface concentric with that mirror. For since 
each focus (Fig. 254.) is by the proposition equidistant from the cen- 
ter of the mirror, the distances of all the foci from the mirror must 
be exactly the same ; that is, they must be in a surface concentric 
with that of the mirror. 

861. Rays falling on a concave mirror parallel to its axis, will all 
be brought to a focus at the same point, if the curvature of the mir- 
ror be that of a parabola. For then, according to a property of the 
parabola, all diameters, or lines parallel to the axis, and a line drawn 
from the focus to the point where the diameters meet the curve, make 
equal angles with the tangents at those points.^ But these equal 
angles are the complements of the angle of incidence and reflexion 
which are also equal. Wherefore rays parallel to the axis will be 
reflected into the lines which all meet at one and the same focus. 

862. Diverging rays incident upon a concave mirror are collect' 
ed into a focus ^ which changes its situation as the distance of the ra^ 
diantfrom the mirror is changed, conformably to the law that the an^ 
jf2e of incidence is equal to the angle of reflexion made with the radius 
of toncttmty.\ 

If the radiant point be farther from the mirror than the center, as 
at A, then the focus will be between the center and the mirror ; if 
the radiant be at the center the rays will return to the center again ; 
if the radiant comes still nearer to the mirror the focus will pass to 
the other side of the center and continue to recede from it, until the 
radiant has arrived at the place of the focus of parallel rays, when 
the focus on tlie other side of the center will be thrown to an infinite 
dbtance ; and finally if the radiant be brought nearer to the mirror 



• Conic. Sec. 

t The several cases will be the more easily remembered, by keep- 
ing in mind the situation of the incident ray relative to the perpen- 
dicular, that is, the radius of concavity. 



ihsD the principal Tocus, the rays will go out Aner^ng, «nd #iS never 
come to a focus ; all which is evident from the geoeral law of reflat 
ion, the situation of each reflected ray being easily detenoined hj 
that of the incident ray with respect to the perpendicular, ihtt ii, 
the radius of the mirror. Thus, the rays emitted from A will be 
collected in a; those from C 

will return to C again ; those Fig. 265. 

from a will be collected in A; 
ihosevfrom F, the focus of 
parallel rays, will be reflected 
into the parallel lines cf, cf; 
and those from D into the di- 
verging lines cd, cd, which 
wiU appear to proceed from A'. 
Again, if the radiant is first 
placed near the mirror, and 
removed from it by succes-'* 
sive steps, just the converse 
effects will follow. Hence, 
the radiant and its corres- 
ponding focus are denomin- 
ated conjugate foci. In the 
foregoing experiment, the 
conjugate foci approach one 
another — meet in the center 
of concavity — pass to difFcr- 
ent sides of that center, and 
afterwards recede from each 
other, until the focus nearest 
to the mirror arrives at the focus of parallel rays, when the two cod- 
jugate foci are separated to the greatest possible distance from eicb 
other. 

The point behind a concave mirror from which rays that diverge 
after reflexion appear to proceed, is called ihe virtual focus, as is 
represented by A'. 

863. Parallel rays incident upon a convex BfiiutOR are made te 
diverge as from a point behind the mirror. 
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Let MN (Fig. 266.) be a convex 
mirror whose center is C, and let 
AM, AD, AN be parallel rajrs falling 
upon it. Continue the lines CM and 
ON to E, and ME, NE will be per- 
pendicular to the surface of the mir- C <^ 
ror at the points M and N. The rays 
AM, AN will therefore be reflected 
in the directions MB, NB, the angles 
of reflexion EMB, ENB, being equal 
to the angles of incidence EMA, ENA. By continuing the reflect- 
ed rays BM, BN backwards, they will be found to meet at F, their 
virtual focus behind the mirror. 



Fig. 266. 
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864. Diverging rays incident upon a convex mirror are made to 
diverge as from a point behind the mirtor^ and nearer to it than the 
virtual focus of parallel rays. 

Let MN (Fig. 257.) be 
a convex mirror, C its cen- 
ter of convexity, and AM, 
AN rays diverging from A, 
which fall upon the mirror 
at the points M, N. The 
lines CME and CNE, will 
be, as before, perpendicu- 
lar to the mirror at M and 
N; and, consequently, if 
we make the angles of reflexion EMB, ENB equal to the angles of 
incidence EMA, ENA, then MB, NB will be the reflected rays 
which, when continued backwards, will meet at F, their virtual focus 
behind the mirror. By comparing Figs.. 256 and 257, it will be 
obvious that the ray AM in Fig. 257, is farther from ME than in 
Pig. 256, and consequently, the reflected ray MB must also be far- 
ther from it. Hence, as the same is true of the ray NB, the point 
t*, where these rays meet, must be nearer D in Fig. 267, than in 
Pig. 256 ; that is, in the reflexion of diverging rays, the virtual focal 
distance DF is less than for parallel rays. For the same reason, if 
we suppose the radiant point A to approach the mirror, the virtual 
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focus F will approach it ; and when A arrives at D, F will also ar- 
rive at D. In like manner, if A recedes from the mirror, F wffl 
recede from it ; and when A is infinitely distant, or when the rays 
become parallel, as in Fig. 256, F will reach the place of the virtual 
focus of parallel rays. 



CHAPTER III. 



OP IMAGES FORMED BY PLANE, CONCAVE AND CONVEX MIRRORS. 



865. When any object is placed before a plane mirror, the image 
of ti appears at the same distance behind ity of the samt magniivde, 
and equally inclined to it. 

Let MN (Fig. 258.) be a plane mir- Fig. 258. 

ror, and AB an object placed before it, 
and let the position of the object be such 
that the reflected rays may enter an eye 
placed at H. From A and B let fall 
upon the mirror the perpendiculars Aa, 
B6. Then the rays AF, AG, diverging 
from A, will be reflected in the lines FH, 
6K, as if they came from the point a, so 
atuated that EA=E(i, (Art. 858.); and 
hence the point A, which is rendered 
visible to the eye at H by the rays FH, GK, will be seen at the 
point a. In like manner, it may be shown that the point B of die 
object, which is rendered visible to the eye at H by the rays/H, gK, 
will appear at 6, so situated that GB=Gfr. By taking any other 
rays at pleasure, divergent from any other point of the object AB, 
it may, in a similar manner, be shown^ that they will have their ibci 
in points of the line afr, formed by drawing perpendiculars from the 
given points of the object. Now, since GB=G6 and aG6»BGK 
=AGB, and Ga = GA .'. AB^afr. That is, the magnitude of the 
image equals that of the object. From A and a draw the perpea- 
diculars AC, a c; then the angle BAG =& a c, that is, the object and 
the image are equally inclined to the mirror. 
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866. Iff the image of an object is seen by reflexion from two plane 
mirrors J the reflexion being in a plane perpendicular to their common 
section^ the angular deviation of the image from the object, will be 
equal to twice the inclination of the reflecting mihrors. 

Let AB, CD be two plane reflec- Fig. 259. 

tors, inclined at the angle AGD ; SB, yS 

BD, DH, the course of rays proceed- ^y 

ing from some object, as a star, falling yy 

upon the mirrors, and finally converg- -^(>^ 
ed to the eye at H. Then, because ^ji^? a^v>v^ P 
HBG = ABS = DBG ..the whole g \ -4^ =^-"^^^^ 
angle DBH=:2DBG. In the same \ J 

manner, BDO=2BDC. And since \ / 

BGD = BDC - DBG •. 2BGD = \ / 

2BDC-2DBG .-.by substitution, y 

2BGD=BDO-DBH=BHD. But ^ 

BHD is the angular deviation of the image from the object, and 
BGD is the inclination of the two mirrors. Hence, when a plane 
mirror revolves on an axis, the angular velocity of the reflected ray 
is double that of the mirror. Therefore, by turning a mirror through 
45^, the image is carried through 90^, so that a mirror set at an an- 
gle of 45^ with the horizon, represents horizontal objects in a per- 
pendicular position, and perpendicular objects on a horizontal level. 

Upon the foregoing proposition depends the principle of Hadley's 
Quadrant, in which two mirrors, inclined to one another, measure 
the angular distance between two objects, by indicating the arc 
through which the image of one of them must be made to pass in 
order to carry that image over that distance.* Thus, if in order to 
make the image of a star descend to the horizon, the mirror that re- 
fects it must be turned 20^, the altitude of the star is 40^. 

867. When the object is parallel to a plane mirror, the length or 
breadth of that part of the mirror upon which the image appears, is 
to the length or breadth of the object, as any reflected ray is to the 
sum of the incident and reflected rays. 



See Day's Navigation and Surveying, Art. 91. 
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Fig. 260. 




If the obj<9Ct DE is parallel 
to the mirror AB, and the image 
LM is seen by the eye at C, 
then FN, the length of that part 
of the mirror which is taken up 
by the image, subtends the angle 
LCM, under which the image ap- 
pears. Now the length of the 
image LM is equal to the length 
of the object DE. (Art. 865.) 
And because FN is parallel to LM.'.FN t LM::CF : CL. But 
CF is the reflected ray and CL is equal to the sum of the incident 
and reflected rays. 

Hence an object which is not wholly visible when the eye is at 
a certain distance from the mirror, may become so by bringing the 
eye nearer to the mirror ; for in proportion as the ratio of the re- 
flected ray to the sum of the incident and reflected rays is dimin- 
ished in the same proportion is the part of the mirror required to 
comprehend the entire image diminished. 

If a spectator sees himself entirely in a plane mirror placed paral- 
lel to him, the mirror must be half as long as himself. For then the 
incident and reflected rays will be equal, and consequently the latter 
equal to half the sum of the two, and hence the mirror must be half 
the length of the object. 



868. When an object is placed between two parallel plane reflect 
tors, a row of images is formed in each mirror, appearing in a straight 
line behind each to an indefinite extent. 

Let there be two plane reflectors, parallel to each other ; and let 
an object, a candle for example, be placed between them. An im- 
age of the candle will be formed in each mirror, as far behind it is 
the object is before it. Again each of these images becomes in its 
turn a new object to the opposite mirror, and forms a correspoodii^ 
image as far behind that mirror as it is itself before it, and thus die 
images are repeated in a right line until the light becomes too feeble to 
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be visible. Thus let AB, CD, {Fig. 261.) be iwo plane rairrorf, ud 
E aa object between them : iwo images will be formed of E at E' 
aod E' ; iwo more of E' and E' at E" E" ; and thus t s 



Fig. 261. 



of im^es will arise to an indefinite extent ; but since a certain part 
oftbe light is lost at eveiy reflection ; each succeeding image is ftdnl- 
w (ban the preceding. The Endhsa Gallery is formed on this 
principle. It consists of a box in the opposite sides of which are 
placed two parallel reflectors, and between them a number of images 
are placed, which are repeated in an endless succession. 

869. ^ an ob^tat bt placed between two plane refleciora inclined 
to each other, the images formed will lie in the drcumftrenct of a 
circle whose center ts in the intersection of the two planes, and whose 
raditts it the distance of the olyectfrom that point. 

LeiAB,AC,(Fig.262.)be 
two plane reflectors inclined at 
Ihe angle BAC, and E an 
ot^ect placed between them. 
Draw EF perpendicular to 

AB, and produce it to G, ma- 
king FG=EF ; then the rays 
ivUch diverge from E and fall 
opon AB will, after reflesion, 
cHrerge from G ; or G will be 
lo image of E. From G, 
draw GH perpendicular to 

AC, and produce it to I, ma- 

VOL. U. 
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king HI=GH, and I will be a second image of E, Sec. Agam draw 
ELM perpendicular to AC, and make LM=EL; also draw MNO 
perpendicular to AB, and make NO=MN, &c. Therefore, the 
successive images formed, beginning on the side of AB, are G, I, K, 
V ; and those on the side of AC, are M, O, P, Q. Then, since EF 
is equal to FG, and AF common to the triangles AFG, AFE, and 
the angles at F are right angles, AG is equal to AE. In the same 
manner it may be shown, that AM, AO, AI, fee, are severally equal 
to AE ; and of course, the points G, M, O, I, &c., are in the cir- 
cumference of a circle whose center is A and radius AE. 

If the angle BAC is finite, the number of images will he limited. 
For BA and CA being produced to S and R, the rays which are 
reflected from either surface, diverging from any point Q and between 
S and R, will not meet the other reflector, since it is not before 
either reflector, but behind both. 

If we consider the whole angular opening of the mirrors, namelj, 
the sector ABC as the object, images of it will be formed in a circle 
as of any other object. 

If the inclination of the mirrors gradually diminishes, the magnitude 
of the sectors will also be diminished and the number of repetrtioos 
of them increased in the same proportion. The number of ima- 
ges of any object placed between the mirrors will be in like man- 
ner increased as the inclination of the mirrors is diminished ; and 
since, when the angle of inclination is very small, the mirrors approach 
the situation of parallel mirrors, so the number of images approach 
to infinity.* 

870. The degree of perfection in the polish and figure of a 
plane speculum, may easily be known by observing whether the 
images seen in all positions, especially in very oblique ones, and 
from all parts of the speculum, appear exactly equal and similar 
to the objects ; that is, whether the images (more particularly of the 
most distant objects) in the room, appear naturally, without having 
any part of them distorted ; when this is the case, the speculum may 
be pronounced to be a perfect one. The straight edges of the rails of 
wabscot are the best objects for this experiment. A mirror mint 



* See Art. 868. 



IMAGES FORMED BT REFLEXION. 286 

be exceedingly bad, that will distort the face of a person looking into 
It, because the rays being returned almost directly back to tlie eye, 
small aberrations will not be rendered sensible ; but let two persons 
look at each other's image as obliquely as they can, and they will 
soon perceiire whether or not the figure of the speculum is defective. 
In all speculums, the better they are polished, other circumstances 
being the same, the brighter will be the images ; that is the more 
light an eye will receive from a given object, which will enable us to 
examine the goodness of speculums, as to their polish, whenever we 
have an opportunity of comparing several of the same sort, and in 
the same light together. We may also observe that, cceteris paribus^ 
the darker the color of the speculum is, the better is the polish ; for 
the glass itself can be no otherwise seen, than by the reflexions of 
those particles which have irregular positions with respect to the rest 
of the surface. But different glasses though equally well polished, 
will not always appear equally dark ; generally, however, the above 
rule may be observed.* 

871. It is found by experiment, that when a pencil of light is inci- 
'dent perpendicularly upon water ^ only 18 rays out of 1000 are re- 
flected while the greater part of the remaining rays are transmitted. 
As the angle of the inclination is increased, the proportion of rays 
reflected is also rapidly increased, till at angle of 76^ the reflexion is 
211 rays; at 86^, 601 ; and at890, 692. In glass 2b out of 1000 
are reflected at a perpendicular incidence ; and the glass always re- 
flects more light than water, till we reach very great angles of inci- 
dence such as 87J°, when it reflects only 584 rays, while water 
reflects 614. 

872. When an object is placed before a concave mirror^ the image 
of it has various magnitudes and positions depending on the distance 
of the object from the mirror. f 



• Barlow. 

t These different places of the image depend on the principles de- 
monstrated in Art. 862, and they will be easily remembered by consid- 
ering the relation of the incident rays to the perpendicular, that is the 
fftdiuB of concavity, conformably to the general laws of reflexion. 
(Art 857.) 
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1. When an object is between the mirror and 
thefoau of parallel rays, the image appears 
behind the mirror, and is more distant from it 
and larger ihan the object. Let MN, Fig. 263, 
be the concave mirror, F its principal focus, C its 
center, and AB the ima^e. From C draw CAa, 
CB6, passing through A and B, and let the 
image be so placed that the reflected rays will 
reach the eye at H. The rays AD, AG, pro- 
ceeding from A, and B(J, B^, proceeding from 
B, will be reflected to the eye at H, making 
equal angles with the perpendiculars CG, C^, 
&c. and they will diverge less than before reflexion, as if ihey had 
come from a remote point a, situated in the intersecdon of tboM 
rays with the perpendicular CAa. In like manner the rays Bi^ Qg 
will enter the eye at H, as if ihey had proceeded &om b, a p<nDt 
where they intersect CB6. These points a, b, will be farther from 
MN then A and B are, and the image ab will be greater than AB, 
in the ratio of Cb to CB. 

2. When the object is placed in the principal foctu, the rays wfll 
go out parallel and will never come together so as to form an iraaga 
of themselves, nor will they proceed from any point behind the mir- 
ror, so as to form nn Imaginary image, like that of case 1. 

3. When the object is situai;?die(ween(Aepnneipa( _/bc«s and lit 
center, the image is formed on the other side of the center, and is in- 
Tcrted and larger than the object. — Let MN (Fig, 264.) be the ^li^ 
for, C its center, F its focus and AB the 
object, through C draw the lines CA, 
CB, and continue them backwards to a 
and 6. Then let AD, AG and Bd, Bg, 
be two sets of rays flowing from the ex- 
tremites A. B. These rays will, after 
reflexion in the direciions Da, Ga, and 
db, gb, meet the perpendicular lines 
Ca, Cb, in the poiiils ab, at a greater 
distance from the mirror than the cenler 
C, and will there form an image of those 
pointaof the object. The image isthere- 
fore more remote from C than the object is, and the size of tbe OM 



Fig. 264. 
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will be that of the other as aC is to AC ; that is, the image will be 
larger than the object. 

4. When the object is situated beyond the center^ the image will 
then be formed between the centre and the principal focus, and will 
be inverted and less than the object. This is the converse of the pre- 
ceeding, and will be made obvious by considering the rays as first 
flowing from a h and converged to AB. 

5. When the middle part of the object is placed in the center of the 
mirror, the object will coincide with the image, and the image will be 
inverted. That the center of the image will coincide with that of the 
object may be inferred from (Art. 862.) the reflected ray being return- 
ed back in the incident ray or perpendicular; and the extremities of the 
object A and B will make equal angles with this perpendicular on the 
diflferent sides of it, and therefore an inverted image will fall back 
upon the object. 

873. The following experiments, which may be easily repeated, 
win serve to render familiar the different cases above demonstrated. 

We will suppose a lighted candle to be placed very near to a con- 
cave mirror : — it will form no image before it because the rays go out 
still diverging, but we see an enlarged image of the candle behind the 
mirror. As the radiant is withdrawn from the mirror towards the 
principal focus, the image will rapidly recede on the other side, and 
grow larger and larger until the radiant reaches the focus, when the 
image will suddenly disappear. On removing the radiant a little far- 
ther, the image will be found at a great distance before the mirror and 
very much enlarged. As the radiant approaches the center, the image 
approaches it rapidly on the other side of it, constantly diminishes in 
size until they botli meet and coincide in the center. Removing the 
radiant still farther, the image appears again between the center and 
the focus, diminished in size, and slowly approaching the focus as the 
radiant recedes but never reaches it, unless when the radiant may be 
considered as at an infinite distance, as in the case of the heavenly 
bodies. By applying principles already explained, the learner will 
readily account for these various appearances. 

874. When any object is placed before a convex mirror^ the im- 
age of it appears nearer to the surface of the mirror j and of a less 
tize. 
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Fig. 265. 

Let MN be a convex mirror whose cen- 
ter is C, and AB the object, and let the po- 
sition of the object be such, that a reflected 
ray may enter the eye placed at H. From 
C, draw CA, CB, cutting the mirror MN 
in E and F. The rays AF, AG, will be 
reflected to H and K, making equal angles 
with the perpendicular passing from C 
through F and G, and will therefore enter 
the eye as if they came from some point 
as a, at the intersection of these rays with the perpendicular AC ; 
consequently the point A of the object will have its image visible at a. 
In like manner rays B/| Bg*, falling upon the points^ g, wiU be re- 
flected to the eye as if they came from i, the point where they inter- 
sect the perpendicular drawn from B to C. Now as the reflected 
rays diverge more than the incident ones, the point a will be near- 
er the mirror than A, and the image ab will be less than the object 
AB, in the ratio of C6, to CB. 

875. In spherical mirrors j concave or convex^ the diameter of the dh 
ject is to the diameter of the image, as the distance of the object from the 
center is to the distance of the image from the center; and also as the 
distance of the object from the surface is to the distance of the image 
from the surface. 

It is evident from Figs. 264, 265, that the object and the image 
subtend each the same angle, both at the center, and at the surface ; 
and as they are parallel to one another their lengths are as their dis- 
tances from these points respectively.* 

876. One who looks into a concave mirror sees his own face vari- 
ed in the following manner. 

When he holds the reflector near to his face, he sees his image 
distinct, because the rays come to the eye diverging (which is their 
natural state with respect to near objects,) and enlarged^ because, as 
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the ra;s diverge len than before, ihe image is thromi back to a graatr 
er distance behind the mirror than the object is before it, aad the 
magnitude is as that distance by article 875. As he withdraws the 
eye, the image grows larger and larger until the eye reaches the fo- 
cus. From the focus to the center, no distinct image is seen, be- 
cause the rays come to the eye convei^ing, a condition incompatible 
with distinct vision. At the center the eye sees only its own image, 
»nce the image is reflected back to the object and coincides with it. 
Beyond the center, his face wiil be seen on the other side of the center 
before the mirror (though habit may lead bim to refer it to a point be- 
hind it) ; and it will be diminuhed, being nearer to the mirror than the 
object is (Art. 875.) and inverted, because an inverted image is formed 
when the rays are brought to a focus, and this becomes the object 
which is seen by the eye.* 

877. By ike reJUxion of light from concave mirrors, there are ex- 
hibited a peculiar kind of curves called caustics bt REFLEXiOM.f 



Fig. 266. 



Let MBA be 
whose focus for pan 




e spherical mirror whose center is C, and 
il and centra] rays is F. Let RMB be a di- 



* These phenomena maybe all observed with an ordinary concave 
shaving glass. 

f Called caustics or burning points, because since the rsys of light 
or heat cross each other in the points that make op these curves, the 
intensity of light or heat is twice as great there as elsewhere. 
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verging beam of light falling on the upper half, MB, of the mirror at 
the points 1, 2, 3, 4, &cc. If we draw radii to all these points fiom 
the center C, and make the angles of reflexion equal to the iB* 
gles of incidence, we shall obtain the directions and foci of all 
the incident rays. The ray RI, near the axis RB, will have im 
conjugate focus at /, between F and the center C. The next ray, 
R2, will cut the axis nearer F, and so on with all the rest, the foci ad- 
vancing from F to C. By drawing all the reflected rays to these 
foci, they will be found to intersect one another as in the figure, and 
to form by the intersections the caustic curves M/. They are so called 
because, in consequence of the intersections of the rays in the pomts 
forming these curves, those points are brighter, or, where heat is re- 
flected, hotter, than the contiguous spaces. If the light had also been 
incident on the lower half of the mirror, a s|imilar caustic, shown bj 
a dotted line, would also have been formed between N and /. If we 
suppose, therefore, the point of incidence to move from M to B, the 
conjugate focus of any two contiguous rays or an infinitely slen- 
der pencil diverging from R, will move along the caustic from M to/. 

878. Concave minors, in consequence of the property they have 
of forming images in the air, were in a less enlightened age than the 
present, frequently employed by showmen for exhibiting surprising 
appearances. The mirror was usually concealed behind a wall, and 
the object, which might be a skull, a dagger, &z^. was placed between 
it and the wall and strongly illuminated. The rays proceeding from 
the object fell upon the mirror and were reflected by it through an 
opening through the wall, and brought to a focus so as to form an im- 
age in the same room with the spectator. If a fine transparent cloud 
of blue smoke is raised, by means of a chafing dish, around the fo- 
cus of a large concave mirror, the image of any highly illuminated 
object will be depicted in the middle of it with great beauty. A dish 
of fruit thus represented invites the spectator to taste, but the instant 
he reaches out his hand a drawn dagger presents itself. 

879. Concave mirrors have been used as light house reflectors, and 
as burning instruments. When used in light houses, they are form- 
ed of copper plated with silver, and they are hammered into a 
parabolic form, and then polished with the hand. A lamp (daced 
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ift the focus of tbe parabola, will have its divergent light thrown, af- 
ter reflexion, into something like a parallel beam, which will retain its 
intensity to a great distance. 

When concave mirrors are used for burning, they are generally 
nade spherical, and regularly ground and polished upon a tool, like 
ibe specula used in telescopes. The most celebrated of these were 
made by M. Villele, of Lyons, who executed five large ones. One 
of tbe best of them, which consisted of copper and tin, was very 
nearly four feet m diameter, and its focal length thirty eight inches. 
it melted the metals, as silver and copper, and even some of the more 
mfusible earths. 

Burning mirrors, however, have some times been constructed on a 
much larger scale by combining a great number of plane mirrors. 
It is supposed that it was a mirror of this kind which Archimedes em- 
ployed in setting fire to the Roman fleet under Marcellus. Athana- 
idus Kircher, who first proved the efficacy of a union of plane mir- 
rors, went with his pupil Scheiner to Syracuse, to examine the posi- 
tion of the hostile fleet ; and they were both satisfied that the ships 
of Marcellus could not have been more than thirty paces distant from 
Archimedes. 

Buflbn, the celebrated naturalist, constructed a burning apparatus 
upon this principle, which may be easily explained. He combined 
one hundred and sixty eight pieces of mirror six inches by eight, so 
that he could, by a little mechanism connected with each, cause them 
to reflect the light of the sun upon one spot. Those pieces of glass 
were selected which gave the smallest image of the sun at two hun- 
dred and fifty feet. With one hundred and fifty four mirrors, he was 
able to fire combustibles at the distance of two hundred and fifty feet. 



CHAPTER IV. 



OF THE REFRACTION OF LIGHT. 



680. When the rays of light pass out of one medium into another, 
as out of air into water, they are bent out of their previous direction ; 
and hence, 

Vol. II. 31 
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Fig. 267. 



Refraction is the change of direction which light undergoes bypau- 
ing out of one medium into another. 

The lines which a ray describes before and after refraction are call- 
ed incident and refracted rays ; the angle contained between the in- 
cident ray and a perpendicular to the surface drawn from the pcHiit 
on which the ray falls, is called the angle of incidence : the an^ 
contained between the refracted ray, and the said perpendicular, ii 
called the angle of refraction. The angle which tlie refracted ray 
makes with its previous line of direction is called the angle of dmsr 
tion. These several definitions the learner will easily apply to the fol- 
lowing figure. Thus AC is the 
incident, and CE the refracted 
ray ; ACD is the angle of inci- 
dence, ECF the angle of refrac- 
tion, GrCE the angle of devia- 
tion. It is a general fact, to 
which there are only a few ex- 
ceptions, that a ray of light in 
passing out of a rarer into a den- 
ser medium is refracted towards 
a perpendicular to the surface ; 
and in passing out of a denser in- 
to a rarer medium refr^ctedfrom 
the perpendicular. But the 
chemical constitution of bodies as well as their density, sometimes 
affects their refracting power. Thus inflammable bodies, as sulphur, 
amber, and essential oils, have a very great refracting power in com- 
parison with other bodies ; and in a given instance, a ray of light in 
passing out of one of these substances into another of greater den- 
sity but of less refractive power, might not be turned towards, but 
from, the perpendicular. 

881. When a ray of light passes from one medium into another of 
different density ^ the sine of the angle of incidence and refraction have 
always the same ratio to each other; and the incident and refracted rajit 
are in the same plane. 
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This proposition is proved by experiment. Lei AC (Fig. 267.) be 
a ray of light incident upon the surface RS of water, or any other me- 
dium. This ray, instead of proceeding directly forward in AC pro- 
duced, is bent or refracted at C into the direction CE. In like man- 
ner, another ray aC, incident upon the same point C, is found to be 
bent or refracted into the line Ce, Through the point C draw the 
Hne PCQ perpendicular to the refracting surface RS, and upon C as 
a center, describe a circle ABEa. If we now compare the angles 
of refraction with the corresponding angles of incidence, we shall 
perceive no particular relation between them, except that, in general, 
one increases or diminishes with the other ; but if we compare the 
tines of these angles, viz, AD 

with EP, and a d with e /, we Fig- 268. 

shall find that the ratio of the one 
to the other is constant, whatev- 
er be the value of the angles of 
incidence or refraction. If the 
surface RS is that of water^ into 
which a ray passes from the at- 
mosphere, the ratio of the sines 
of incidence and refraction will 
be as 4 to 3 nearly, and this ratio 
will always be the same at what- 
ever angles the ray enters the 
medium. From air into crown glass, the ratio is as 3 to 2 ; from air 
into sulphur J as 2 to 1 ; from air into diamond, as 1 to |. (See Fig. 
268.) 

By admitting the light through a small aperture at A, (Fig. 267.) 
80 as to pass through another aperture at C, and fall upon the bottom 
of the vessel at E, it will be found by experiment that the three points 
A, C, E, are always in the same plane, whatever be the angle of in- 
cidence ACP ; that is, the incident and refracted rays are always in 
the same plane. 




water, 
sulphur, 
diamond. 



882. Supposing the sine of the angle of refraction to be always 1, 
then the sine of the angle of incidence will be nearly 1.33 in water, 
and 1.5 in glass. The sine of the angle of incidence, that of refrac- 
tioD being taken for unity, is called the index of refraction. Thus 
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the index of refraction for sulphur is 2 ; for the diamond 2.5, be. 
Rays of light which pass perpendicularly out of one mediuin mto 
another, suffer no refraction ; for since the sine of the angle of mci- 
dence then becomes nothing, that of refraction likewise becomes 
nothing, and of course the angle of refraction is nothing. When Ae 
ray passes in the opposite direction, that is, from a denser into a rarer 
medium, as from water into air, the same constant ratio is fooad la 
exist between the sines of incidence and refraction. Thiia (Fig; 
267.) the light from E to C will pas^ into CA, and the Fatio of the 
sines of incidence and refraction will be that of EF to AD. In fkk 
ease the index of refraction is less than unity. 

We see an example of the foregoing principle in the bent appenp- 
ance of an oar in the water, the light of the part immersed (by which 
it is visible) being turned from the perpendicular, and cauang it lo 
appear higher than its true place. In the same manner, the boCtoa 
of a river appears elevated, and diminishes the apparent depth o( 
the stream. The following ancient experiment illustrates the san» 
principle. If a small piece of silver be placed in the bottom of a 
bowl, and the eye be withdrawn until the piece of silver disappears, 
on filling up the bowl with water, the silver conoes mto view again. 

883. A ray of light cannot pass out of a denser into a rarer we- 
diunij when the angle of incidence is greater than that at which the 
sine of the angle of refraction becomes equal to radius. 

Let AC (Fig. 269.) be the ray incident Fig. 269. 

upon the rarer medium RS. It will be re- 
fracted from the perpendicular DF into the 
direction CE, so that AD is to EF in a con^ 
stant ratio. (Art. 881.) If we increase the RJ 
angle AGD, the angle FCE will also in- 
crease till the lines CE and FE coincide 
with the radius CS. But if beyond this po- 
sition of the ray AC, the angle ACD is still 
farther increased, it is manifest tliat its sine is also increased ; and, 
consequently, in order that the ratio may be constant, the ane of re- 
fraction EF must also increase, which ia impossible, sbca it is already 
by hypothesis equal to the radius CS. Hence it follows, that when* 
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ever the angle of incidence is greater than that at which the sine of the 
BDgle of refraction becomes equal to radius, the ray cannot be re- 
fracted consistently with the constant ratio of the sines. 

Tbis is found to be the case by experinoent ; and at the angle thus 
bdicated, aU the incident rays are reflected from the inner suriiMM of 
the denser medium, having a reflexion more brilliant than wbu can 
U» produced firom any metallic surface* This reflexion is tken call- 
cad totai refiexwfu 

The angle at which total reflexion takes place may be found tbos : 
Liet X be the sine of incidence at which the correspcmdiDg sine of 
lefiractbn is 1, or equal to radiu% and let vl represent the index of 
refiractbn or the ratio of the sbea^ (Art. 882.) thm a? : 1 : :1 : «, 

• *• 0?=- ; that is, total reflexion takes place when the sine of inci- 

deoce is equal to tfae reciprocal of the index of refraction. 

In water ^ whose index of refraction is 1.336, die angle of total 
veflexiofi is 48P2d^. higlaas^ whose index of refraction is 1.50, it 
b 41^ 49'. lamilfkmr U is 30^ ; and in diamond it is 22P 36'. 

8S4. TranapmaU bodies differ much amoni^ themtdvu in refraet^ 
img pmver^ 

The following table will be useful by way of reference. 

Table ef lUfraciice Powers. 







Index of Refraction. 


Chromate of Lead, 


- - - 


- 2.974 


Red Silver Ore, 


- 


2Jf64 
- 2M39 


IKamond, 


- - - 


Phosphorus, 


- 


2.224 


Sulphur, (melted) 


- - - 


-• 2.148 


Glass, (composed of l^ad 


two parts, flint one,) 


'*^.830 

m 4 


Sapphire and other preciourgems. 


• - 1.800 


Sulphuret of Carbouj^ 


- 


1.768 


Oil of Cassia, 


- - - 


- 1.641 


Quartz, or rock crystal, 


- 


1.648 


Amber, 


- - - 


- I.54T 


Crown Glass, 


- 


1.530 


Oil of OUves, 


- - - 


- 1.470 


Alum, 


- 


1.467 
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Fluor spar, ----- 1.434 

Mmeral Acids, ... - 1.410 

Alcohol, 1.372 

Water, 1.336 

Ice, . - - - - - 1.309 

Tabasheer, - - - - - 1.111 

Hence it appears that certain salts of silver and lead, the diamond, 
phosphorus, and sulphur, rank highest in refracting power ; next 
come the precious gems, and flint glass containing a large proportioo 
of the oxide of lead, which has a refracting power considerably higher 
than cjx)wn glass containing less metallic oxide ; to which succeed the 
aromatic oils. Among transparent solids, fluor spar is distinguished 
for its low refracting powers ; but tabasheer, a substance formed from 
the concreted juice of the Indian bamboo, is more particularly re- 
markable for the same property. Figure 268 will convey an idea of 
the refractive properties of several of these substances. 

In the preceding table the refractive powers of different bodies are 
given without any consideration of their densities or specific gravities; 
but it is evident, that if a body of small specific gravity has the same 
refractive power as another body of greater specific gravity, the former 
must have a greater absolute action upon light than the latter. Hence, 
in order to measure the absolute refractive^ powers of bodies, their 
specific gravities must be taken into the account. When estimated 
on this principle, hydrogen will be found to have the greatest refi*ac- 
tive power of all bodies, it being, according to Dr. Brewster, equal 
to 3.0953 ; and it is also the most inflammable of all bodies. It was 
in consequence of the high refractive properties of inflammables, that 
Sir Isaac Newton expressed the opinion that the diamond is a body 
of this class, before its chemical constitution had been discovered.* 

885. The Prism is an important instrument in Optics, especially 
as it affords the means of decomposing light, and enters into the con- 
struction of several optical instruments. The triangular prism is 
the only one employed in experiments, and of this nothmg more b 
essential than barely the inclination of two plane transparent surfaces 
to one another. The optical prism, however, is usually understood 

* It is now known to consist of carbon, or pure charcoal. 
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to be a piece of solid glass,, having two sides constituted of equal 
parallelograms, and a third side called the base. The line of inter- 
section of the two sides is called the edge^ and the angle contained 
by the sides, the refracting angle of the prism. A straight line pass- 
ing lengthwise* of the prism, through its center of gravity and paral- 
lel to the edge, is called the axis, A section made by a plane per- 
pendicular to the axis, is an isosceles triangle. Frequently, the 
three angles of the prism are made equal to one another, each being 
60O.* 

Figure 270 represents a sec- Fig. 270. 

tion of a prism ABC, of which 
AB; is the base^ and ACB the re- 
fracting angle. DE is a beam 
of the sun's light falling obliquely 
on the first surface AC where one 
portion is reflected but another 
portion transmitted. The latter ^c 

portion instead of passing directly forward and forming an image of 
the sun at H, is turned upward towards the perpendicular j^p'j meet- 
ing the opposite surface CB in F, where it is again turned upward 
from the perpendicular p'p in the direction FG, carrying the image 
of the sun from H to G. If the incident and emergent rays be pro- 
duced so as to meet in I, the angle FIH is called the angle of deviation. 




• A very convenient prism for common experiments may be con- 
structed as follows. Select two plates of window glass of the best 
qaaliiy, or better, two pieces of looking glass, from which the silver- 
ing baa been removed. The plates may be five or six inches long, 
and one and a half or two inches broad. They are to be united at 
their edges at an angle of about 60S and furnished with a tin pase, 
which shall afford the base and the two ends, and a covering for the 
edge. One of the ends has an orifice with a stopper, for the con- 
venience of filling with a fiuid, which may he pure water, or better a 
saturated solution of the sugar of lead filtered perfectly clear. Pro- 
jections may be attached to the two ends to serve as handles or as an 
axis on which the prism may rest on supports. Instead of the tin 
case, we may employ a block of hard wood, first formed into a trian- 
gular prism, and then dug out so as to admit the plates. 
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886. Bj means of the prism the index of refrtcttoo for difibfent 
bodies may be found very conveniently from the following theorem* 

The index of refraction diminished by umty, it alyfays eqiui U 
the angle of deviation divided by the refracting angle of the frim. 

In demonstrating this proposition it is necessary to premise, thai 
when angles are small their ratio is nearly that of their sines ; aad 
since the sine of the angle of incidence is to that of refraction as the 
index of refraction to unity (Art. 882.) therefore, n being the index 
of refraction, (see Fig. 270.) 

P'El(=DEp) : p'EF: :» : i /. 
FEI:p'EF::n~l : l 

also, j/Fl{r=:GFp) ip'FE: :n I 1 .-. 

EFI .•p'FE::*!-! : I .'. 

FEI+EFI :/EF+j^FE::n-l : 1 .'. 

FIH :p'KF::n-i : i 

But j9^KF and ACB are equal,, being each a supplement to four 
right angles in the quadrilateral figure ECFK* Therefore, FIH : 

ACB::«-i ; i .-. 

n-lxACB=FIH 

FIH ^ ^ ^ 

'^-^^ACB Q-E-^- 

FIH 

Now in prisms of glass n=|; therefore, rpB^i or FIH = 

4 ACB ; that is, the angle of deviation equals half the refracting an- 
gle of the prism. 

In order to find the index of refraction for any solid substance, the 
substance itself may be formed into a prism. The refracting an^ 
of the prism being always known, and the angle of deviation ea- 
sily measured, the index of refraction is readily found, by dividing 
the latter angle by the former, and adding one to the quotient. If 
the substance is of such a nature, that it cannot be fashioned into t 
prism, as a liquid, for example, it may then be introduced into die 
refracting angle of a prism formed by two plates of glass inclined lo 
each other. 
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887* When light is transmitted through a medium bounded by 
pkau and parallel surfaces^ the incident and emergent rays are 
parallel. 



Fig. 271, 




Let ASba be the medium bounded 
by paraUel surfaces AB, ab; and let 
DE be the incident ray refracted in the 
direction EF, and emerging in the di- 
rection FG; the ray FG will be paral- 
lel to DE. Through the points E, F, 
draw the perpendiculars PQ, RS. 
Then, since PQ and RS are parallel, 
the angle of refraction QEF at the first surface, is equal to EFR, 
the angle of incidence. at the second surface ; but as the ratio of the 
nne of QEF to DEP is the same as that of EFR to SFG, (Art. 
882.) the angles DEP and SFG must be equal, and consequently, 
their complements AED, 5FG; and if we add to these the equal 
angles AEF, 5FE, the whole angles DEF, GFE will be equal, and 
eoQsequendy the rays DE, FG parallel.^ 

It is found by experiment that when light is transmitted through 
iufo contiguous mediums, the incident and emergent rays are parallel 
to one another.f 

888. Through a plane surface^ if diverging rays pass out of a 
rarer into a denser medium, they are made to diverge less than be- 
fore : if out of a denser into a rarer medium, to diverge more. 

For ance the sine of the angle of refraction is always as that of 
incidence, the most divergent lines in a pencil will be the most re- 
fracted, and will of course be brought nearer to a parallelism with 
dioae rays which diverge less when the refraction is towards the per- 
pendicular, but will be still farther separated when the refraction is 
fiwn the perpendicular. 

889. Lenses, on account of their extensive use in the construction 
of optical instruments, require very particular attention in the study 
of Optics. They are of several varieties as is shown in the follow- 
ing figure. 



♦ Euc. I. 27. 
Vol. II. 



t Wood's Optics, p. 50. 
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A double convex lens (A) is a solid Fig. 272. 

formed by two segments of a sphere ap- 
plied base to base.* 

A plano-convex lens (B) is a lens hav- 
ing one of its sides convex and the other ^ ^ ^ C B A 
plane, being simply a segment of a sphere. 

A double concave lens (C) is a solid bounded by two conctTe 
sperical surfaces which may be either equally or unequally concafe. 

A plano-concave lens (D) is a lens one of whose surfaces is plane 
and the other concave. 

A meniscus (E) is a lens, one of whose surfaces is convex and 
.the other concave, but the concavity being less than the convexity, it 
takes the form of a crescent, and has the effect of a convex kns 
whose convexity is equal to the difference between the sphericities of 
the two sides. 

A concavo-convex lens (F) is a lens one of whose surfaces is con- 
vex and the other concave, the concavity exceeding the convexity, 
and the lens being therefore equivalent to a concave lens whose sphe- 
ricity is equal to the difference between the sphericities of the two 
sides. 

A line (MN) passing through the center of a lens perpendicular 
to its opposite surfaces, is called the axis. 

890* The manner in which light is refracted into denser or rarer 
mediums bounded by spherical surfaces, may be readily understood 
and easily remembered, by keeping in mind the position of the inci- 
dent rays with respect to the perpendicular, that is the radius of the 
spherical surface. Suppose the two mediums are air and glass, and 
let us take first, the case of a convex surface of glass : then, since rays 
passing into the glass would be turned towards the perpendiculars 
(all of which being radii, tend towards a common center) parallel 
rays would be made to converge ; diverging rays would become len 
diverging; converging rays, more converging. These are the gener- 
al results ; but let us trace the progress of diverging and converging 



* Though this is the most common form of the double convex lensi 
yet it is not essential that the two segments should be portions of the 
same sphere : they may be segments of different spheres in which 
case the curvatures will be unequal on the two sides of the lens. 
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rays a little more particularly. If the rays came from a near radiant 
80 as to diverge very much from each other, the effect of the glass 
would be simply to diminish their divergency ; but if they came from 
some more distant point, so as to be less diverging, they might be 
turned so far towards the perpendicular as to become parallel, or even 
converging. But suppose the incident rays to come to the glass con- 
verging, then if they were directed towards the center of the sphere 
they would coincide with the radii or perpendiculars and suffer no 
change of direction ; if they originally tended to a pomt more distant 
than the center, being turned towards the radii, they would be render- 
ed more convergent ; but if they tended towards a point nearer than 
the center, for the same reason they will converge less than before. 

These several cases will be rendered familiar by studying the re- 
presentation in Fig. 273.^ 

Fig. 273. 




B 



M 



Gf C F' 



JSJ 



891. Secondly, let us consider the case of a concave surface. 
We shall perceive, by inspecting Fig. 274, that parallel rays, by 



Fig. 274. 




bebg turned towards the perpendicular, are made diverging; diverg- 
ing rays are, in general, rendered more diverging, but when they 
come from the center of concavity, they suffer no refraction, and 
when from a point nearer the surface than the center, they diverge 



* The student is expected to make the explanation of each case from 
the figure, following the rays AN, Slc. to GN. 
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less than before ; and converging rays are, in general, rendered less 
converging, but they may be so slightly convergent before, that the 
refracting power of the glass shall be sufficient to render them paral- 
lel or even divergent. 

892. Thu-dly, if we now trace the progress of the rays through 
LENSES, we shall readily follow their course by applying the fi>re- 
going principles. 

1. Let AB be a double convex lens, C C the centers of curva- 
ture, and ED a ray of light falling upon the lens at D. Accordmg 

Fig. 276. 




to the principles just explained, ED would be turned towards CD, 
the perpendicular to the refracting surface, and instead of pasang 
onward in the same straight line ED6, it would proceed in the line 
D D'. Again, on passing out of the denser into the rarer medium 
at the second surface at D^ instead of proceeding onward in the line 
DD'H it would be turned farther from the perpendicular to that sur- 
face, namely C'D^ so as to proceed in the line D^F. Both surfa- 
ces of the lens, therefore, conspire to turn the ray out of its former 
course, and when the curvature of the two sides is the same, they 
contribute equally to produce this effect. 

2. Let AB be a double concave lens, then by tracing the progress 
of the ray ED, DD^, D'F, it will be seen that the effect of each sur- 
face of the lens is to cause the ray to diverge farther from the axis. 

Fig. 276. 
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893. In a doubk convex^ or double concave lens, there is a certain 
point called its center^ through which every ray thai passes^ has its 
incident and emergent rays parallel. 



Fig. 277. 




Fig. 278. 



Let Rr (Figs. 277, 
278.) be the centers of 
the surfaces of these 
lenses, and REr their 
axes. Draw any two 
of their radii RA, ra, 
parallel to each other, 
and join Ka ; the point 
E where this line in- 
tersects the axis will be 
the point above descri- 
bed. For since the 
triangles REA, rea are 
similar, RA iraW RE : 
rE, RAzfcra:ra::RE 
zbrE:rE. And, as the 
three first terms of this 

EroportioD are invaria- 
le, the last, rE, must 
also be invariable. Hence it follows, that to whatever points in the 
surface of the lens, the parallel radii RA, ra are drawn, the line Aa, 
produced if necessary, will always cut the axis Rr in the same point 
iE. If we now suppose the ray Aa to pass both ways out of the 
leos, it will be refracted equally and in contrary directions ; because 
RA, ra being perpendiculars to the surface at A and a, the angles of 
Incidence of the ray Aa or aA. will be equal. Consequently, AQ 
will be parallel to aq. When the thickness of the lens is inconsid- 
erable, and when a ray falls nearly perpendicularly upon it, the part 
of the ray through E, viz. QAEa^, may be taken as a straight line, 
passing through the center E of the lens ; for the perpendicular dis- 
tance between AQ, aq diminishes, both with the thickness of the 
lens, and with the obliquity of the ray to the axis. 

894. The office of a convex lens is to collect rays of light. 
Hence, when applied to parallel rays, it makes them converge ; to 
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diverging rays, it makes them diverge less ; and to converging n^ 
it makes them converge more. Moreover, with regard to diverging 
rays, the degree of divergence may be reduced so much as to ren- 
der the rays parallel, or even to make them converge, which wiB 
depend both on the position of the radiant, as illustrated in Art B90^ 
and on the power of the lens. 

On the contrary, the office of a concave lens is to separate rays of 
light. Hence, when it is applied to parallel rays, it makes tbem di> 
verge ; to rays already diverging, it makes them diverge more ; and 
to converging rays, it makes them converge less, become paraDd, or 
even diverging. 

895. With these general principles in view, we may now advanta* 
geously investigate the manner in which images are formed by means 
of lenses. 

1. If we place a radiant, as a candle, nearer to a lens than its 
pricipal focus, then, since the rays go out diverging, (Art. 890.) do 
image will be formed on the other side of the lens. 

2. If we place the radiant in the focus, the rays will go out paral- 
lel, but will still not be collected into a distinct image. 

3. If the radiant is removed farther from the lens than its princi- 
pal focus, then the rays will be collected on the other side of the lens 
so as to form a distinct representation of the object 

As this last case is particularly Important, since it exhibits the man- 
ner in which images are formed by means of convex lenses, let us 
examine it with more attention. 

896. Rays of light diverging from the Mcveral points of any ob- 
jectf which is farther from a convex lens than its principal focus^ vM 
be made to converge on the other side of the lens to points corns' 
ponding to those from which they diverged^ and wiUform an image* 

Let MN (Fig. 279.) be a luminous object placed before a double 
convex lens LL. Now every point in the radiant sends forth innu- 
merable rays in every direction, part of which fall upon the lens LL. 
Each pencil may be considered as a cone of rays, having for its axb 
the straight line which passes through the center of the lens, which 
line suffers no change of direction, (Art. 893.) while those rajs of the 
pencil which strike upon the extreme parts of the lens, form the exte- 
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rior rays of the cone : all the others are of course included between 
these. It will be sufficient to follow the course of the central and 
the two extreme rays. Let ML, MC, ML represent such a pencil. 
The two extreme rays will be coUected by the lens and made to meet 
in the axb or central ray in some point on the other side, as at m. 
For the same reason, every other point in the object will have its 
corresponding point in the image, and all these points of the image 
taken tc^ether, form a true representation of the object. By in- 
specting the figure, it will be seen that the axes of all the pencils 
cross each other in the center of the lens ; that the image corres- 
ponding to the top of the object is carried to the bottom of the image, 
while that corresponding to the bottom of the object is at the top of 
the inuige, and, consequently, that the image is inverted with respect 
to the object. It will be farther seen, that although the individual 
rays which make up a single pencil are made, on passing through 
the lens, to converge, yet the axes of all the pencils go out diverg- 
ing from each other, which carries them farther and farther asunder, 
the farther they proceed before they come to a focus. Hence, the 
farther the image is formed behind the lens, the greater will be its 
diameter, a principle which may be enunciated and proved as follows : 

7%e diameter of the object is to the diameter of the image^ as the 
disiance of the object from the lens is to the distance of the image from 
the lens. 

For the two triangles Fig. 279. 

MOC and moC are sim- 
ilar ; therefore MO : moi: 
CO : Co. With a given ob- 
ject, the diameter of the im- 
age is as its distance from the 
lens. And, since the surfa- 
ces of the object and the 
image are similar figures, 

(being parallel sections of similar pyramids or cones whose vertices 
meet in the center of the lens) the surface of the image is as the square 
of its distance from the lens. By bringing the object nearer to the 
lens, the image recedes from it on the other side, since the rays, 
being more divergent, are not so soon brought to a focus ; therefore, 
by bringing the radiant very near to the focus of parallel rays, so as 

m 
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to throw the image very far back, the latter becomes exceedingly 
magnified. 

The diameter of the image will not be altered by changing the area 
of the lens: for that diameter will be determined m all cases by tbe 
distance between the axes of the two pencils which come from the 
extremities of the object and cross each other in tbe center of the 
lens. The size of the image, however will be afl^ted by changing 
the convexity of the lensy while the object remabs tbe same and at 
the same place. 

897. Rays proceeding from any radiant point which are refracted 
by the different parts of the same lens, do not meet accurately tn one 
focus, but their points of meeting are spread over a certain spaeCf 
whose diameter is called the spherical aberration of the lens. 

Let LL be a piano-con- ? J^ Fig. 280. 

vex lens, on which are in- 
cident the parallel raysRL, 
RL at the extremities, 
and R' L', R' U near the 
axis, according to Art. 882, r L 

the axis will proceed on without any change of direction, and the 
rays which are very near to the axis, being also nearly perpendicu- 
lar to the refracting surface, sustain only a slight change of direction, 
sufficient, however, to collect them into a focus at some distance from 
the lens in the point F. But the rays RL, RL, meeting the refrac- 
ting surface more obliquely, are more turned out of their course, and 
are therefore collected into a focus in some point nearer to the lens 
than F, as at /. The intermediate rays refracted by the lens wiD 
have their foci between F and/. Continue the lines I^and I/, till 
they meet at G and H a plane passing through F. The distance 
/F is called the longitudinal spherical aberration, and GH the W- 
eral spherical aberration. 

It is obvious that such a lens cannot form a distinct picture of any 
object in its focus F. If it is exposed to the sun, the central parti 
of the lens L'mL', whose focus is at F, will form a pretty bright im- 
age of the sun at F ; but as the rays of the sun which pass tbroogb 
the outer part LL of the lens have their foci at points between/and 
F, the rays will, after arriving at these points, pass on to the jdsne 
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GH, and occupy a circle whose diameter is GH ; hence the image of 
the sun in the focus F will be a bright disk, surrounded and rendered 
indistinct by a broad halo of light growing fainter and fainter from F 
to G and H. In like manner every object seen through such a lens, 
and every image formed by it, will be rendered confused and indis- 
tinct by spherical aberration. 

If we cover up all the exterior portions of the lens, so as to per- 
mit only those portions of the rays which lie near the axis to pass 
through the lens, then the rays all meet at or very near to the point 
F, and a much more distinct image is formed ; but so much of the 
light is excluded by this process, that the brightness of the image is 
considerably diminished. — The dimensions of the image are the 
same in both cases. (Art. 896.) 

898. By experiments made with different kinds of lenses, the fol- 
lowing results are obtained. In plano-convex lenses placed as in 
Fig. 280, the greatest spherical aberration is 4i times mn the thick- 
ness of the lens. In a plano-convex lens with its convex sides turn- 
ed towards the parallel rays, the aberration is only l^y^ths of its 
thickness. In using a plano-concave lens, therefore, it should al- 
ways be so placed, that the parallel rays should be incident upon the 
convex surface. In a double convex lens with equal convexities, the 
aberration is ItVs^^ o^ ^^ thickness. The lens which has the least 
sj^hericdl aberration, is a double convex one, whose radii are as 1 to 
6. When the face whose radius is 1, is turned towards the parallel 
rays, the aberration is only lyj^yths of its thickness. Hence the 
lenses employed in optical instruments are made very thin ; and the 
light is suffered to pass only through the central parts of the lens. 
As the central parts of the lens LL, refract the rays too little, and the 
marginal parts too much, it is evident that if we could increase the 
convexity at n, and diminish it gradually towards L, we should re- 
move the spherical aberration. But the ellipse and hyperbola are 
curves of this kind, in which the curvature diminishes from n to L ; 
and mathematicians have shown how spherical aberration may be en- 
tirely removed, by lenses whose sections are ellipses or hyperbolas. 
Of a lens of this kind we will annex one example. 

899. A lens in the form of a spheroid (generated by the revolution 
qf an eUipst about Us mcgor axis) whose mtgor axis is to the distance 

Vol. n. 33 
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beitoeen iUfod, as the sine of incidence to the sine of r^raetian, wiU 
cause parallel rays incident in the direction of its axisy to eonvergt 

accurately to the remoter focus. 

^ Fig. 281. 

Let BDK be the gen- 
erating eclipse, H and I 
its foci ; then, by the sup- 
position, 

DK : HI: :5m Incidence 
: sin Refraction. 

Let AB which is par- 
allel to DK, be a ray of 
light incident upon the spheroid. Join HB, IB; draw EBC touch- 
ing the generating eclipse in B ; through B and H, draw GBL and 
HCO at right angles to EBC ; let GBL meet DK in N ; aad pith 
duce IB uU it meets HCO in O. Then, since HBC=IBE* and 
OBC=IBE, therefore HBC=OBC. Also BCH, BCO, are right 
angles, and BC is common to the two triangles BCH, BCO; 
therefore BO=BH and IO=DK; consequently, 

lO : IH: :«m : Incidence : sin Refracuon. And because BN is 
parallel to OH, 

IB : IN: :IO : IH: :«m Incid. sin Refrac. 

Also, IB : IN: :sin INB : sin IBN: :«» BNH or sin ABG : its 
IBL; therefore, ^in ABG : sin IBL: : sin Incid. : sin Refrac. And 
since sin ABG is the sine of incidence, sin IBL is the sine of refrac- 
tion ; and because the angle LBI is less than a right angle, BI is the 
refracted ray. In the same manner it may be shown, th^t every 
other ray in the pencil will be refracted to I. 

Cor. If from the center 
I, with any radius less than 'S* '^°-^* 

ID, a circular arc PQ be 
described, the solid genera- a. 
ted by the revolution of P 
DQ about the axis DI, will 
refract all the rays incident 
parallel to DI, accurately to 
I. For, after refraction at 
the surface PDQ, the rays 




* Conic Sec. 
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converge to I ; and they suffer no refraction at the surface PQ, be- 
cause they are incident perpendicularly upon it.* 

900. Hence it follows, that a meniscus whose convex surface is part 
of an ellipsoid, and whose concave surface is part of any spherical 
surface whose center is in the farther focus, will have no spherical ab'- 
erration, and will refract parallel rays incident on its convex surface to 
ibe farther focus. When the foregoing properties of the ellipse were 
discovered (and similar properties belong to the hyperbola) philoso- 
phers exerted all their ingenuity in grinding and polishing lenses with 
elliptical and hyperbolical surfaces, and various ingenious mechanical 
contrivances were proposed for this purpose. These, however, have 
iM>t succeeded ; and the difficulty of grinding glasses of any Other than 
« spherical curvature, is such as to prevent the use of spheroidal and 
Other forms not subject to aberration; but other expedients have been 
deviled for correcting this error. 

Though we cannot remove or diminish the spherical aberration of 
single lenses beyond ly J^ths of their thickness, yet by combining two 
or more lenses, and making opposite aberrations correct each other, 
we can remedy this defect to a very considerable extent in some cases, 
and in other cases remove it altogether, f The manner in which 
this is effected, will be more particularly pointed out in connexion 
mrith the subject of Microscopes and Telescopes. 



CHAPTER V. 



OF THE DECOMPOSITION OF LIGHT AND THE SOLAR SPECTRUM.t 



901. In tracing the course of rays of light through a refracting 
medium, we have thus far supposed them to be homogeneous, and 
to be all affected in the same manner. But in nature the fact is oth- 
erwise ; that is. 



* Wood's Optics, Sec. 187, 188. t Brewster. 

% That part of Optics which treats of colors, is somctimefl denomi- 
tiated Chromatics, 



The $un'i light comuta of rays which differ in r^raitgHilitj tad 
in color. 

The glass prism, in consequence of the stroDg refraciion of fight 
which it produces, (see Art. 885.) is well fitted for expeiiinaits of 
this kind. We procure, therefore, a triangular prism of good flint 
glass, and having darkened a room, admit a sua beam obhqnely 
through a small round hole iu the window shutter. Across dn 
beam, near the shutter, we place the prism, with its edge parallel to 
the horizon, so as to receive the beam upon cme of its sides, llw 
rays, on passing through the prism, will be refracted and thrown up- 
wards, as will be rendered evident by conceiving perpeodiculin 
drawn to the surface of the prism at the points of incidence ind 
emergence. If now we receive the refracted rays upon a acreeo, 
at some distance, they will form an elongated image, exhibiting ix 
colors of the rainbow, namely, red, orange, yellow, green, blue, in- 
digo, violet, together composing the prismatic spectrum. (See Fig. 



J.) 



Fig. 283. 




S, a sun-beam. 

F, a hole in the window shutter. 

ABC, the prism, having its refracting angle ACB downwards. 
Y, a white spot, being an image of the sun formed on the floor 
before the prism is introduced, 

MN, the screen containing the spectrum.* 



• The opposite white wall of plaster or stucco, may serve the pur- 
pose of a screen ; or the screen may be made of a large sheet of whit« 
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902. On viewing the spectrum attentively, we perceive that the 
lowest or least refracted extremity is a brilliant red, more full and 
vivid than can be produced^by any other means, or than the color of 
any natural substance. This dies away, first into an orange, and 
then passes by imperceptible gradations into a fine pale straw-yellow, 
which is quickly succeeded by a pure and very intense green, which 
again passes into a blue, at first of less purity, being mixed with green, 
but afterwards, as we trace it upwards, deepening into the purest in- 
digo. Meanwhile, the intensity of the illumination is diminishing, 
and in the upper portions of the indigo tint, it is very feeble ; but it 
is continued still beyond, and the blue acquires a pallid cast of pur- 
plbh red, a livid hue better seen than described, and which, though 
not to be exactly matched by any natural color, approaches most 
nearly to that of a fading violet.^ 

A pleasing way of exhibiting the separate colors of the spectrum, 
is to throw the prismatic beam on a distant wall or screen, so as to 
form a long spectrum, and into this beam, at some convenient dis- 
tance from the prism, to introduce a concave lens of a size sufficient 
to cover each of the different colored pencils successively. The 
lens will cause the rays of the same color to diverge, and to form a 
circular image on the screen, which will distinguish them very stri- 
kingly from the contiguous portions of the spectrum. 

903. If rays of the same color in the prismatic beam he iMulated 
from the rest and made to pass through a second prism, they are re- 
fracted as usual, {the amount of refraction being different for the 
different colored rays,) but they undergo no farther change of color. 

To perform this experiment, we provide a board, perforated with 
a small round hole, and mounted on a stand. This screen is placed 
across the prismatic beam, a little way from the prism, in such a 
manner as to permit rays of the same color only to pass through the 
aperture, while the otlier portions of the beam are intercepted. The 

paper ; but a convenient screen for the lecture room is made by past- 
ing a large sheet of drawing paper to a frame and attaching it to a 
movable stand. 
* Herschel on Light. 
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homogeneous light thus insulated is made to pass through a second 
prism, and its image is thrown on the wall. The experiment will be 
more perfect, if the homogeneous pencil be made to paas through t 
second screen similar to the first, so as to let only the centnl rtjs 
fall upon the second prism. This second refraction produces no 
change of color. It will he found, however, that, while all other 
things remain the same, the several images formed of bomogoieoiK 
rays, will occupy different positions on the wall, the red being low- 
est and the violet highest, and the intermediate colors arranged be- 
tween them in the order of their refirangibilities. (See F^g. 284.) 



Fig. 284. 




In addition to the parts of the figure enumerated in Fig. 283, DE 
represents the first screen, which permits only one sort of rays to pass 
by a small aperture at G, and d e represents a second screen, which 
permits only the central rays of this pencil to pass by a small hole 
at^; ah CIS the second prism, and M is the image of homogeneous 
light on the wall. 

904. The light of the sun reflected from the first surface ofbodietf 
and also the white flames of all combustibles^ whether direct or re- 
flected, differ in color and refrangibility, like the direct light of the 
sun. 

The truth stated in this proposition was established by Newton, by 
experiments with the prism, similar to those detailed in connexioo 
with the preceding propositions. 

905. The sun^s light is compounded of all the prismcUic colorst 
mixed in due proportion. 

If we collect, by means of a convex lens, the difierent colored 
pencils in the prismatic beam, just after they have emerged from the 
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prism, (see Fig. 283.) the image formed by the lens will be perfect- 
ly white. A concave mirror may be used instead of the lens, the 
image bebg thrown on a screen. Or the rays after they have passed 
the prism may be received on a second prism of the same kind, 
jdaced near the first, but with its refracting angle in the opposite di- 
rectioo. In this case the second prism restores the light to its usual 
ifhiteness. 

That all the different colors of the spectrum are essential to the 
composition of white light, may be rendered evident by intercepting 
a portion of any one of the colors of the spectrum before they have 
been re-united as in the foregoing experiments. Thus if we introduce 
a thread or a wire into any part of the prismatic beam between the 
prism and the lens, (he image formed by the lens will be no longer 
white but discolored. If, instead of the wire, an instrument, shaped 
like a comb with coarse broad teeth, be introduced into the beam, 
the discoferation of the image is more diversified, the colors of the 
image being those compounded of the prismatie colors, which are 
not intercepted by the comb. If the teeth of the comb be passed 
tUndy over the beam, a succession of different colors appears, such 
89 red, yellow, green, blue and purple ; but if the motion of the comb 
be rapid, all these di^rent hues become blended into one by the 
oaomentary continuance of each in the eye, and the sensation is that 
of white light. (See p. 218.) 

906. For a similar reason, if the colors of the spectrum are paint- 
ed on a top, in due intensity and proportion, and the top be set to 
spinning, the sensation will be that of white light. Or the colors of 
the spectrum may be first laid on a sheet of paper, and this may be 
pasted on a cylinder of wood, which may be made to revolve on the 
whirling tables : the result will be the same. — Newton tried various 
experiments with different colored powders, grinding together such 
as corresponded as nearly as possible to the colors of the spectrum. 
By these means he was able to produce, from the mixture of seven 
different colored powders, a greyish-white^ but could never reach a 
perfectly clear white, owing to the difficulty of finding powders whose 
colors corresponded exactly to those of the spectrum. 

907. Several of the colors of the spectrum may be produced by the 
mixture of other colors ; as green by the union of yellow and blue, 
orange by red and yeUow^ ^c. 
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Experiments were devised by Newton for thus combming the col- 
ors of two contiguous spectrums, transferring, for example, the hhictof 
one to the yellow of the other, and and forming green by their aoioo. 
On causing this compound green, however, to pass through the prism, 
it is resolved into its original colors, yellow and blue, whereas, the 
green of the spectrum is not thus resolved by the prism. Hence 
Newton infers that the green of the spectrum is not a compoond bitf 
a simple original color, and so of all the rest. 

908. It has, however, been a question among opticians ance the 
time of Newton what is the number of original or fundamental edan 
in the spectrum^ Many years since, Mayer advanced the hypothesb 
that the only sample colors in the solar spectrum are red, yellow and 
blue — all the others being compounded of these ; and more recendy 
Dr. Brewster has gone far towards establishing this doctrine. Ac- 
cording to this eminent optician, (1.) Red, yellow, and blue ligbt 
exist at every point of the solar spectrum ; (2.) As a certain por- 
tion of red, yellow, and blue, constitute tokite light, the color of every 
point of the spectrum may be considered as consisting of the pre- 
dominating color at any point, mixed with white light. Thus, in the 
red space there is more red than is necessary to make white light 
with the small portions of yellow and blue which exist there ; in the 
yellow space there is more yellow than is necessary to make white 
light with the red and blue ; and in the part of the blue space which 
appears violet, there is more red than yellow, and hence the excess 
of red forms a violet with the blue. 

909. The mode by which these three primary colors produce by 
their combination the seven colors developed by the prism, is exhib- 
ited to the eye by the following diagram. MN is the prismatic spec- 
trum, consisting of three primary spec- 
tra of the same length, viz. a red, a 
yellow, and a blue spectrum. The 
intensities of each color at various 
points of the spectrum, are represent- 
ed by ordinaies of different lengths 
the extremities of which form the M| 
curves MRN, MYN, and MEN, corresponding to the three cofcrs 
red, yellow and blue respectively. The red spectrum has its maxi- 
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mum intensity at R ; and this intensity may be represented by the 
distance of the point R from MN. The intensity declines rapidly 
to M and slowly to N, at both of which points it vanishes. The 
ydhw spectrum has its maximum intensity at Y, the intensity decli- 
ning to zero at M and N ; and the blue has its maximum intensity at 
B, declining to nothing at M and N. The general curve which rep- 
resents the total illumination at any point, will be outside these three 
curves, and its ordinate at any point will be equal to the sum of the 
three ordinates at the same point. Thus the ordinate of the general 
curve at the point Y, will be equal to the ordinate of the yellow 
curve, which may be supposed to be 10 ; added to that of the red 
curve which may be 2, and that of the blue, which may be 1. 
Hence the general ordinate will be 13. Now if we suppose that 
three parts of yellow, two of red, and one of blue make white, we 
shall have the color at Y equal to 3-|-2+l'=6 parts of white mixed 
with seven parts of yellow ; that is, the compound tint at Y will be 
a br^ht yellow^ without any trace of red or blue. As these colors 
all occupy the same place in the spectrum, they cannot be separated 
by the prism ; and if we could find a colored glass, which would ab- 
sorb seven parts of the yellow, we should obtain at the point Y, a 
white lightj which the prism could not decompose.^ 

910. The arguments on which most of these conclusions are groun- 
ded, are derived from experiments on the analysis of light by absorp^ 
turn. If (says Dr. Brewster) we take a piece of blue glass, and 
transmit through it a beam of white light, the light will be of a fine 
deep blue. This blue is not a simple homogeneous color, like the 
blue or indigo of the spectrum, but is a mixture of all the colors of 
white light which the glass has not absorbed ; and the colors which 
the glass has absorbed are those which the blue wants of white light. 
In order to determine what these colors are, let us transmit through 
the blue glass, the prismatic spectrum KL, Fig. 283 ; or, what is the 
same thing, let the observer place his eye behind the prism BAC, 
and look through it ; he will see the spectrum on the other side of the 
prism, but with this remarkable change, that it will appear deficient 



* Brewster's Treatise on Optics, p. 73. 
Vol. II. 34 
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ID a certain number of its differently colored rays. A particultr 
thickness absorbs the middle of the red space, the whole of tiM 
orange, a great part of the green, a considerable part of the blue, t 
little of the indigo, and a very little of the violet. The yellow space, 
which has not been much absorbed, has increased in bretfdth. Itoo 
cupies part of the space formerly covered by the orange on one ade, 
and part of the space formerly covered by the green on the other. 
Hence it follows that the blue glass has absorbed the red light whkk, 
when mixed with the yellow light, constituted orange^ and has ab- 
sorbed also the blue light, which when mixed with the yellow, censli- 
tuted a part of the green space next to the yellow. We have, there- 
fore, by absorption, decomposed green light into yellow and blue, 
and orange light into yellow and red ; and it consequently follows, 
that the orange and green rays of the spectrum, though they canoot 
be decomposed by prismatic refraction, can be decomposed by ab- 
sorption, and actually consist of two different colors possessing the sam 
degree of refrangibUiiy, Difference of color is therefore not a tert 
of difference of refrangibility ; and the conclusion deduced by New- 
ton is no longer admissible as a general truth : ^' That to the same 
degree of refrangibility ever belongs the same color, and to the same 
color ever belongs the same degree of refrangibility." 

By absorbing the excess of any color at any point of the spectrum 
above what is necessary to form white light, we may actually cause 
white light to appear at that point, and this white light loiil possess the 
remarkable property of remaining white after any number ofrtfnucr 
tionsy and of being decomposable only by absorption. 

Fixed Lines in the Spectrum. 

911. The solar spectrum, in its greatest possible state of puri^ 
and tenuity, when received on a white screen, or when viewed by 
admitting it at once into the eye, is not an uninterrupted line of light, 
red at one end and violet at the other, and shading away by insen- 
sible gradations through every intermediate lint from one to the other, 
as Newton conceived it to be, and as a cursory view shows it. i 
is interrupted by intervals absolutely dark ; and in those parts where 
it is luminous, the intensity of the light is extremely irregular and 
capricious, and apparently subject to no law, or to one of the utmost 
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complexhy. In consequence, if we view a spectrum formed by a 
narrow line of light parallel to the refracting edge of the prism, (which 
affi>rds a considerable breadth of spectrum without impairing the pu- 
rity of the colors, being, in fact, an assemblage of infinitely narrow 
linear spectra arranged side by side,) instead of a luminous fascia of 
equable light and graduating colors, it presents the appearance of a 
striped ribband, being crossed in the direction of its breadth by an 
infinite multitude of dark, and by some totally black bands, distrib- 
uted irregularly throughout its whole extent. This irregularity, how- 
ever, is not a consequence of any casual circumstances. The bands 
are constantly in the same parts of the spectrum, and preserve the 
same order and relations to each other ; the same proportional 
breadth and degree of obscurity, whenever and however they are 
examined, provided solar light be used, and provided the prisms em- 
ployed be composed of the same material : for a difference in the 
latter particular, though it causes no change in the number, order, 
or intensity of the bands, or their places in the spectrum, as referred 
to the several colors of which it consists, yet causes a variation in 
their proportional distance from one another. By solar light must 
be understood, not merely the direct rays of the sun, but any rays 
which have the sun for their ultimate origin ; the light of the clouds, 
or sky, for instance ; of the rainbow ; of the moon or of the planets. 
All these lights, when analyzed by the prism, are found deficient in 
the identical rays which are wanting in the solar spectrum ; and the 
deficiency is marked by the same phenomenon, viz. by the occur- 
rence of the same dark bands in the same situations in spectra form- 
ed by these several lights. In the light of the stars, on the other 
hand, in electric light, and in that of flames, though similar bands 
are observed in their spectra, yet they are differently disposed ; and 
the spectrum of each several star, and each flame, has a system of 
bands peculiar to itself, and characteristic of its light, which it pre- 
aerres unalterably at all times, and under all circumstances. 

912. Fig. 286 is a representation of the fixed lines of the spec- 
trum, according to Fraunhofer,* the small bands observed by him 
(more than five hundred in number) being omitted. Of these fixed 

* A celebrated German optician, recently deceased. 
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lines, be selected seven, (those marked B, C, D, E, F, G, H,) as 
terms of comparison, or as standard points of reference in the spec- 
trum, on account of their distinctness, and the facility with which 
they may be recognised. The definiteness of these lines, and their 
fixed position, with respect to the colors of the spectrum, — in other 
words, the precision of the limits of those degrees of refrangibilitj 
which belong to the deficient rays of solar light, — renders them in- 
valuable in optical inquiries, and enables us to give a precision hitfa- 
erto unheard of to optical measurements, and to place the determin- 
ation of the refractive powers of media on the several rays ahnoston 
the same footing, with respect to exactness, with astronomical ob- 
servations.* 



CHAPTER VI. 



OF COLORS IN NATURAL OBJECTS. 



913. The knowledge of the composition of light, and of the prop- 
erties of the solar spectrum, naturally led to an inquiry into the sub- 
ject of colors, as exhibited in the phenomena of nature. The bright 
tints of the rainbow, the splendid hues sometimes exhibited by thin 
plates, as soap bubbles, and finally the diversified colors of objects in 
all the kingdoms of nature, remained to be accounted for. We pro- 
pose now to inquire how far this object has been effected. 

The Rainbow. 

914. The rainbow, one of the most striking and magnificent of 
the phenomena of nature, was long ago supposed to be owing to 



* Herschel on Light. 
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some modification which the light of the sun undergoes in passing 
into drops of rain, but the complete development of the causes on 
which it depends, was reserved for the genius of Newton, and natu- 
rally followed in the train of those discoveries which he made upon 
the prismatic spectrum. 

The rainbow, when exhibited in its more perfect forms, consists 
of two arches, usually seen in the east during a shower of rain, while 
the sun is shining in the west. These arches are denominated the 
outer and the inner bow, of which the inner bow is the brighter, but 
the outer bow is of larger dimensions every way. The succession 
of colors in the one is directly opposite to that of the other. 

915. Drops of rain, though small, are large in comparison with 
the minuteness of rays of light, and are to be regarded as spheres 
of water, exerting the powers of refraction and reflexion in the same 
manner as large globes of water would do. It was, in fact, by inves- 
tigating the manner in which globular glass vessels filled with water 
modify the solar rays, that the first hints were obtained respecting 
the cause of the rainbow. In the year 1611, Antonio de Dominis 
made a considerable advance towards the theory of the rainbow, by 
suspending a glass globe in the sun's light, when he found that while 
he stood with his back to the sun the colors of the rainbow were re- 
flected to his eye in succession by the globe, as it was moved higher 
or lower. 

Let us, therefore, in the first place, follow the course of a ray of 
light through a globule of water. Let SI (Fig. 287.) be a small 
beam of light from the sun, falling upon the surface of a globule of 
water at I. Agreeably to what is known of the laws of light in 
passing out of one transparent medium into an- 
other, a portion of the rays would be reflected 
at I, and another portion would pass into the 
drop and be refracted to the farther surface at 
F. The same effect would recur here, and 
also at F', and at V" ; and were the eye situa-- ^ 
ted in either of the lines V R^ P R'^ or V'' R''', 
it would perceive the prismatic colors, because 
some of the rays which composed the beam of 
light that reached the eye, would be refracted more than others, and 
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thus the different colors would be made to appear. Or if a screen 
were so placed as to receive these transmitted rays, a faint spectrum 
would be formed upon it. Such a progress of a beam of light ad- 
mitted through the window shutter, and made to fall on a globular 
vessel of water, may be actually rendered visible by experiment.* 

916. Tt may be remarked that but a comparatively small part of 
the solar rays that shine upon a drop of water, are required in order 
to produce the mild light of the rainbow, aided as its light is by the 
dark ground or cloud on which it is usually projected ; yet where 
the number of rays that enter the eye is diminished beyond a cer- 
tain limit, the light becomes too feeble for distinct vision. It will 
also be observed, that a considerable portion of light is lost at each 
successive reflexion that takes place within the drop, so that a cer- 
tain beam of light, conveyed to the eye after two reflexions, will be 
much more feeble; than'the same .beam after one reflexion. Indeed, 
so much of the sun's light is dissipated at the first pomt of reflexioa 
from the interior surface, added to what is transmitted at the same 
point, and of course never reaches the eye of the spectator, that, 
were it not for a great accumulation which the sun's rays undergo at 
a particular point in this drop, whence the light is reflected and con- 
veyed to the eye, the phenomena of the rainbow would not occur. 
The manner In which this accumulation is effected, is now to be ex- 
plained. 

917. hetfzp q (Fig. 288.) be the section of a drop of ram, fp 
a diameter, ab, cd, &c. parallel rays of the sun's light, falling upon 
the drop. Now y/, a ray coinciding with the diameter, would suf- 
fer no refraction ; and a 6, a ray near to yy| would suffer only a very 
small inclination towards the radius, so as to meet the remoter sur- 
face of the drop very near to p; but the rays which lie farther 
from y/, being inclined towards the radius in a greater angle, would 
be more and more refracted as they were farther removed from the 
diameter. The consequence would be, that after passing a certain 
limit, the rays that lay above that limit would cross those which lay 
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Fig. 288. 




below it and meet the further surface somewhere between the diam- 
eter and the ray which passed through the said limit ; that is, all the 
rays falling on the quadrant/z, would meet the circumference with- 
in the arc kp. But when a quantity is approaching its limit, or is be- 
ginning to deviate from it, its variations are nearly insensible. Thus, 
when the sun is at the tropics, being the limits to which he departs 
from the equator, he appears for some time to remain at the same 
point. In the same manner, a great number of the rays which lie 
contiguous to e d, on both sides of it, will meet in very nearly the 
same point on the concave surface of the drop at km. Consequently, 
a greater number of rays will be reflected from that point than from 
any other in the arc. Moreover, proceeding from a single point, they 
will emerge parallel, and therefore more of them will enter an eye 
favorably situated, than if they passed out diverging. On both these 
accounts, it appears, that there is a particular point in a drop of rain, 
where the rays of the sun's light seem to accumulate^ and are there- 
fore peculiarly fitted to make an impression on the organ of vision. 
It is found by calculation that the angle which the incident and emer- 
gent rays, in such cases, make with each other, is, for the red rays 
42° 2', and for the violet rays 40° 17^ These are the angles when 
the rays emerge after two refractions and one reflexion : in the case 
of two refractions and two reflexions, the angles are, for the red rays 
60° 69^ and for the violet 54° 9^ 
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918. Let us next consider what must be the position of the spec- 
tator in order that his eye may receive the emergent rays wbkh 
make the foregoing angle with the incident rays, and which of course 
are those which cause the phenomena of the rainbow. 

The spectator must stand with his bqck to the sun, and a Um 
dravmfrom the sun towards the how so as to pass through his eje, 
will moke the same angle with the emergent rays that they make w& 
the incident rays. Thus let AB be the incident and GI the emergeDt 

Fig. 289. 



ray and let the angle which these two rays make with each other be 
AKI ; and let IT be a ray passing from the sun towards the bow 
through the eye of the spectator ; then, (since the rays of the sun 
may be regarded as parallel,) AB and IT are parallel, and the al- 
ternate angles AKI and KIT, equal. But AKI is the angle made 
by the incident and emergent rays, and KIT the angle made by the 
emergent ray, and a line drawn from the sun towards the bow throu^ 
the eye of the spectator. 

919. When the sun shines upon the drops of rain as they arefaUr 
ing, the rays which come from those drops to the eye of the spectator 
after one reflexion and two refractions, produce the inner* 
most or primary rainbow ; and those drops which come to the eye af- 
ter two REFLEXIONS AND TWO REFRACTIONS, produCC the OUttT' 

most or superior rainbow. 
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Let SOC* be a straight line passing Fig. 290. 

from the center of the sun through the 
ejre of the spectator at O towards the 
bow, and kt SR, SV be incident rays 
Which after one rejection and and two 
Refractions are conveyed to the eye at 
O, makmg (Art. 918.) with SOC angles 

equal to those formed by the incident T — o' ^"^ 

and emergent rays. If OV makes with SOC an angle of 40^ 17', 
and be conceived to revolve around OC, describing the surface of a 
tone, all the drops of rain on this surface wiH be precisely in the 
situation necessary in order that the violet rays, after two refractions 
and one reflexion, may emerge parallel and arrive at the eye in O, 
and this will not take place in the same manner on any other part of 
the cknid ; so that by means of this species of rays, the spectator 
#ill see on the cloud a violet cobred arc, of which OC will be the 
axis, and C the center. He will besides, see also an infinity of otb-^ 
er concentric arcs exterior to the violet, each one of which will be 
made up of a single species of rays ; and accordmg as these rays 
9te less refrangible, their areas will be of greater diameter, so that 
die largest, composed of the extreme red will subtend an angle ROC 
of ^° S'. Therefore the whole width of the colored bow will be 
42P 2' — 40^ 17% or 1^ 45', the red being on the outside and the vi- 
olet withm. 

The contrary order of colors will result from two reflexions and 
two refiractions. Let SV^ SR', be the incident rays, which after 
two reflexions and two refractions are converged to the eye at O, 
making (Art. 918.) with SOC angles equal to those formed by the 
incident and emergent rays, namely 60^ 69' and 64° 9', and the' 
Unes RC and VC, as before, be conceived to revolve around SOC ; 
they will severally meet with all the drops which having twice re- 
fracted and twice reflected the extreme red and violet rays, can 
transmit them to the eye parallel to each other. Between these two 
arcs, there will be others exhibiting all the intermediate prismatic 



* It will be observed that the line SOC is at right angles to the 
plane of the surface, that is, to the plane of the bows. 
Vol. U. 35 



274 OPTICS. 

colors; and the whole together will form a second bow, whose 
breadth will be 64° 9'— 60^ 59' or 3° l(y. 

920. The rays therefore which come from all the drops which 
make an angle of 42° 2' with a line passing from the sun through 
the eye (which may be called the orw of vision) appear red ; and it 
is obvious that a collection of rays drawn all around this axis from 
the eye to drops thus situated would form a cone, of which the drops 
themselves would constitute the base, and of course would form a 
circle. The same is true of all the other colors which emerge from 
drops at angles which are different for different colors but constant 
for the same color. Hence, the line which passes from the sun 
through the eye of the spectator, passes also to the center of the bow^ 
or is the axis of the cone of which the bow itself is the base. If 
the sun is on the horizon, this axis becomes a horizontal line ; con- 
sequently, the center of the arch rests on the opposite horizon, and 
the bow is a semi-circle, of which the highest point has an altitude 
above the horizon of 42^ 2\ If the sun is at this altitude of 42° 2' 
above the horizon, then the center of the bow will have the same de- 
pression below the opposite horizon, and the circumference, at its 
highest point will just reach that horizon. When the sun is between 
these two points, the elevation of the bow will be the difference be- 
tween the altitude of the sun and ilie foregoing angle. 

921. When the spectator is on an eminence, as a high mountain, 
he may see more than half the bow, when the sun is near setting ; 
for the axis will in that case pass to a point above the opposite hori- 
zon. Travellers who have ascended very high mountains, have oc- 
casionally observed their shadows projected on the clouds below, 
with their heads encircled with rainbows.* In this case, the axis pass- 
es to a point above the opposite horizon equal to or greater than 
the semi-diameter of the bow, so that the whole of the circumfer- 
ence comes into view ; and the eye of the spectator being in the 
axis, the entire bow is projected around that as a center, upon the 
surface of the clouds. 



* Amer. Jour, of Science, Vol. xii. 172.— Malt6 Brunts Universal 
Geog. Vol I. p. 363. 
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Colors of Bodies, 

922. According to the Newtonian theory, the color of a body de- 
pends on the kind of light which it reflects. A great number of bo- 
dies are fitted to reflect at once several kinds of rays, and conse- 
quently appear under mixed colors. It may even happen that of two 
bodies which should be green, for example, one may reflect the pure 
prismatic green, and the other the green which arises from the mix- 
ture of yellow and blue. This quality of selection as it were in bo- 
dies, which varies to infinity, occasions the different kinds of rays to 
unite in every possible manner and every possible proportion ; and 
hence the inexhaustible variety of shades which nature as in sport 
has diffused over the surfaces of different bodies. 

When a body absorbs nearly all the light that reaches it, that body 
appears black : it transmits to the eye so few reflected rays, that it 
is scarcely perceptible in itself, and its presence and form make no im- 
pression on us, unless as it interrupts, in a manner, the brightness of 
the surrounding space. 

923. Bgt for a body to reflect one kind of ray rather than any 
other kind, there must be something in that body which determines 
the preference. In what then does a red body differ in this respect 
from a yellow, a green, or a violet one ? Various attempts have been 
made, and on various hypotheses, to resolve this question. Newton, 
who entered on this subject with great earnestness, has here most 
successfully interrogated nature by a series of experiments, of which 
we shall give the results. 

924. Having taken two glasses of a telescope, the one plano-con- 
vex, the other slightly convex on both sides, he placed one of the 
faces of this upon the plane face of the former, and pressed the two 
glasses at first gently, and then by degrees more closely against one 
another. The effect of this gradual pressure was, an appearance of 
colored circles in the plate of air between the glasses, which circles 
had the point of contact for a common center, and which increased 
in number as the pressure was increased, in such a manner that the 
circle which appeared last always surrounded the point of contacti 
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and on a slill further pressure extended its circumference while it 
contracted itself breadthwise, to form a kind of ring round a new cir- 
cle that arose near its middle. 

The pressure having been carried to a certain term, Newton stop- 
ped and observed as follows : At the point of contact was a black spot 
that was encompassed by several series of colors, arranged from the 
center outwards in the following order : 

First serieSf blue, white, yellow, red. 

Secondf violet, blue, green, yellow, red. 

Thirdf purple, blue, green, yellow, red. 

Fourihy green and red. 

Fifih^ greenish blue and red. 

Sixths greenish blue and pale red. 

Seventhj greenish blue, and reddish white. 

Bieyond this number the tints were regularly paler until the color 
became white. 

The reason why these successive colors were arranged in rii^ 
having the point of contact of the two lenses for their common cen- 
ter is obvious, since each color was developed at a certain thickness, 
and the points of equal thickness being equidistant from the center, 
they would of course be arranged in the circumference of a circle. 

Newton measured the diameters of the annular bands formed of 
these difierent colors, by taking the points where they had most 
^ustre ; and he found that the squares of those diameters were to one 
another as the terms of the ascending progression 1, 3, 6, 7, 9, 
11, &c.; from which it results, that the intervals between the two 
glasses, relatively to the corresponding points, followed the same pro- 
gression. 

For let «,a,f» (Fig. 291.) be a di- 
ameter taken on the surface of the 
plane glass, and a,g^fy a section of 
the sphere to which that part of the 
double convex lens that turns towards 
a, belongs. Let also ab, ad^ be 
the serai-diameters of the two rings 
at the points where the colors are most 
vivid. Having drawn be, dg, parallel 

to the diameter a/, and eh,gi, parallel -p^ 

to a n, we shall have 
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(eh)* : {gi)*::ahxhf: aixij 
But the distances between the two lenses being exceedingly small 
in comparison with the diameter af^ A/* and if may be taken af 
equal to afy whence, by substitution, 

(cA;« : (gi)^ y.ahxaf : aixrfr.ah : aillbe : dg 

925. From these proportions, it was merely necessary to ascer- 
tain the absolute length of a single diameter, to know the lengths of 
all the others, as well as the difierent thicknesses of the plates of air 
at the points where the different colors were se^n. ^ewtoa drew up 
a table of these degrees of thickness, assigning to each color that de- 
gree at which it was developed. For example, the most intense blu9 
makes its appearanice at a thickness equal to the 24tb millionth part 
of an inch, the visual ray being supposed to come to the eye per- 
pendicularly to the two glasses* As tlie visqal rays deviate from a 
perpendicular, the breadth of the rings ippreasesi the saine Qolor re-» 
quiring a greater thickness to produce it. Arnong other results ob- 
tained from these e^^periipents were the folbwiog : 

Air J at and below a thickness othalfa millionth of an inch, ceases 
to reflect Fight. At and above a thickness of seventy two mUlumthi 
of an inch it reflects white, that is all the rays of the spectrum. Be- 
tween these two limits it reflects the various (orders of colors contain- 
ed in the table. 

Water J at and below a thickness of three eighths of a millionth 
of an inch ceases to reflect light. At and above ,^y eight mUlionths 
of an inch it reflects white ; and between these two limits, it reflects 
the orders of the colors contained in the table. 

OlasSj at and above one third of a millionth of an inch ceases to 
reflect light. At and above a thickness ofj^ty mUlionths of an inch 
it reflects white, and between these limits, it reflects the orders of 
colors contained in the table. 

Newton also having measured the diameter of the rings at the in- 
termediate places where the colors were obscure, found that their 
squares were to one another as the even numbers 2, 4, 6, 8, 10, 
12, &;c ; and hence the intervals between the glasses, at the corres- 
ponding points, observed a similar progression. 



S78 OPTICS. 

926. Such were the phenomena which the glasses presented as 
seen by reflexion ; but on looking through them to observe Ae ef- 
fect of refracted light, other series of colors took place of the pre- 
ceding ones. The central spot, which was before black, now be- 
came white, and the order of colors, relatively to the diflbreot se- 
ries was this : 

1. Yellowish red, black, violet, blue. 

2. White, yellow, red, violet, blue. 

3. Green, yellow, red, bluish-green. 

4. 5. and 6. Red, bluish-green. 
By comparing these colors seen by transmitted with those seen bf 

reflected light, it is observable that the white answers to black, Ae 
red to blue, the yellow to violet, the green to a mixture of red awl 
violet ; that is, the part that appeared black on simply looking at the 
glasses became white when the observer looked through them, and 
so of the other colors. But the tints produced by transmitted fi^t 
were feeble and languishing unless the visual ray was extremely ob- 
lique, in which case they were sufficiently vivid and brilliant. 

927. Newton substituted water for air between the two glaasesi 
and the colors instantly became fainter, and the rings contracted; 
that is, the ring of a particular color had its circumference nearer 
the center tlian when that color was reflected by the plate of air. 
The diameters of (he corresponding rings were to one another near* 
ly as 7 to 8, and consequently their squares were as 49 to 64; 
whence it follows, that the diflerent thicknesses of the fluids at tbe 
places where the rings appeared^ were nearly as 3 to 4, that is, in 
the ratio of the sine of incidence to the sine of refraction (Art. 881.) 
when the light passes from water into air. Newton imagined that 
this result might be extended to all kinds of mediums, and he there- 
fore deduced from it this general law: that where a medium more or 
less dense than water is impressed between two glasses, the interval 
between^ the glasses at the place where any particular color is per- 
ceived, is to the interval which gives that color by means of air, as 
the sines which measure the refraction at the passage from the 
same medium into air. This rule may be equally applied to a thin 
plate, detached from any kind of body, the thickness of which we 
would determine by the tone of its color.* 



Hatty, Nat. Philosophy^ Sects. 71 1—720. 
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928. The phenomena of (he rings being reduced to laws extreme- 
ly exa^t and well adapted to calculation, Newton reduced them all 
to a still simpler expression, making them depend on a physical 
property which he attributed to light, and of which he defined all 
the particulars conformably to their laws. Considering light as a 
matter composed of small molecules emitted by luminous bodies 
with very great velocities, he concluded that since they were reflected 
within the lamina of air, at the several thicknesses corresponding to 
the numbers 1, 3, 5, 7, &^. and transmitted ^i the intermediate 
thicknesses 0, 2, 4, 6, &c. the molecules must have some pecu- 
liar modification of a periodical nature, such as to incline them 
alternately to be reflected and refracted after passing through certain 
spaces. Newton characterised this tendency to alternate reflexion 
and transmission, and designated the two states, by the phrases f48 
of easy refleooion, andfl^s of easy transmission* 

929. Having defined completely all the characters of these fits, 
or periodical returns of states favorable to reflexion and transmission^ 
Newton employed them as a simple property, not only to unite under 
one point of view the phenomena of the colors produced by thin 
plates, but also to foresee and to calculate beforehand, both as to 
their general tenor, and their minutest details, a crowd of analogous 
phenomena, observed to attend reflexion in thick plates, which, in 
iaet, exceeded by as much as twenty or thirty thousand times those 
GO which the calculations had been founded ; moreover, applying 
the same reasoning to the integrant particles of material substances, 
which all chemical and physical phenomena show to be very minute, 
and to be separated even in the most solid bodies, by spaces immense 
id comparison of their absolute dimensions, he was able to deduce 



* This phraseology has an air much more hypothetical than the 
reality, the thing signified being little more than the simple enunciation 
of a fact ascertained by experiment. Probably the singularity of the 
phrase, has contributed to bring the doctrine into discredit, or even into 
ridicule, with those who have never looked any farther into it than to 
read the title. The most profound opticians of modern times, have 
regarded these investigations of Newton, as among the most ingenious 
and sagacious of all his labors. 
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naturally from the same principles the th^ry of the diflferenfr eoJors 
the J present to us, a theory which adapts itself with a surpriali^ fa- 
<^ility to all the observations to which those edbrs can be sobmittell. 
The number and importance of those appBeatioos atecMnt mffi- 
eiently for the care which Newton bestowed on hid exporimenis ori 
colored rings.* 

&30. Among the experiments of Ne\inon M colored ring^ wM 
are more interesting than those which he instituted on «o«p hMkt4 
It is well known, that tvhen these bubbles are inflated to a certn 
degree of thinness, very g^udy colors make their appearance, andf 
hence these are selected as favorite objects of amusement for chil- 
dren. But it was reserved for no less a mind than that of Newtoiir 
to make these exhibitions the means of penetrating the secrets of 
nature. 

In preparing the bubbles for experiment, he took various ingenious 
precautions to form them in the most perfect manner, and preserved 
them for deliberate examinatiofk by covering them with a glass re- 
ceiver which protected them from the agitation of the air, and means 
were devised for preventmg any extraneous light from mixing widt 
ibat of the bubble. Things being thus arranged, and the eye placed 
in a favorable position, a number of concentric horizontal rings ara 
seen, exhibiting vivid colors disposed with perfect regularity. They 
correspond in appearance with those exhibited by the plate of air 
between the lenses, (Art. 924.) but are more elegant and perfect in 
every respect. Similar exhibitions of ccAot are presented m glass 
bubbles blown exceedingly thin ; and also in the thin lamins of die 
mineral called mica. Analogous variations of color are seen even in 
the tarnish of certain metals, particularly in plates of copper and steel 
when they have been heated in the open air, and in the plumage of 
birds. 

931. The following propositions, several of which have already 
been incidentally mentioned, will present a summary of the Newto- 
nian doctrine of colors. 



Blot. 



I 
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1. The colors of natural bodies are not qualities inherent in the 
bodies themselves, by which they immediately affect our sight, but 
are mere consequences of that peculiar disposition of the particles of 
each body^ by which it is enabled more copiously to reflect the rays 
of one particular color ^ and to transmit^ or stifle^ or^ more properly , 
to absorb^ the others. 

2. The colors of natural bodies are the colors of thin plates, pro- 
duced by the same cause as that which produces them in thin laminas 
of air, glass, kc. viz. the interval between the interior and posterior 
surfaces of the atoms. The thickness of the atoms of a medium, 
and of the interstices between them, determines the color they re- 
flect or transmit at a particular incidence, because it must depend on 
the thickness of any lamina, whether the light when it has reached 
its posterior surface is in the state favorable for transmission or for 
reflexion. 

3. Opacity in natural bodies arises from the multitude of refleX' 
ions caused in their internal parts. By this means, the rays are con- 
ceived to be entangled, as it were, runnbg their rounds from atom to 
atom, without a possibility of reaching the surface and escaping. 

932. It would be inconsistent with the nature of an elementary 
work like the present, to enter into all the details of this remarkable 
hypothesis ; for such disquisitions we must refer the student to New- 
ton's Optics, to Biot's Trait6 de Physique, to HerscheFs Treatise on 
Light, and to various other works of great ability which have been 
written on these subjects within the present century. All concur in 
speaking with the highest admiration, both of the depth and ingenuity 
of these researches of Newton. Herschel, for example, denomi- 
nates it *' a theory of extraordinary boldness and subtility, in which 
great difBculdes are eluded by elegant refinements, and the appeal 
to our ignorance oh some points is so dexterously backed by the 
weight of our knowledge on others, as to silence, if not refute, objec- 
tions which at first sight appear conclusive against it.^ 



* Herschel on Light, Sec. 1134. 
Vol. II. 36 
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Inflexion or Diffraction oflAght, 

933. Inflexion or Diffraction is a term used to denote certain 
phenomena^ which light exhibits when it passes near the edges of bodies* 

For the purpose of experiments on this subject, a beam of light is 
admitted into a dark room, through a very small aperture, as a pin- 
hole made in sheet lead ; or, what is better, a convex lens is placed 
in the window shutter, which brings the rays to a focus, and aflfords 
a divergent pencil of light. If we introduce into this pencil any 
opake body, as a knife-blade, for example, and observe the shadow 
which it casts on a white screen, we shall observe on both sides of 
the shadow fringes of colored lights the difierent colors succeeding 
each other in the following order : first fringe, moiety indigo^ pak 
blue, green, yellow, red; second, blue, yellow, red; third, pale blue, 
pale yellow, red. The brightness of these fringes diminishes as they 
recede from the shadow, and the shadow itself is not quite dark, but 
is formed also of luminous and dark fringes, all parallel to the edges 
of the lamina. The fringes in question are absolutely independent 
of the nature of the body whose shadow they surround, and the form 
of its edge ; neither the density or rarity of the one, nor the sharp- 
ness or curvature of the other, having the least influence on their 
breadth, their colors, or their distance from the shadow. Thus it b 
indifferent whether they are formed by the edge or back of a razor, 
by a mass of platina, or by a bubble in a plate of glass, (which, 
though transparent, yet throws a shadow by dispersing away the 
light incident upon it ;) circumstances which make it clear that their 
origin has no connexion with the ordinary refractive powers of bod- 
ies, or with any elective attractions or repulsions exerted by tliem on 
light ; for such forces cannot be conceived as independent of tlie 
density of the body exerting them, however minute we might regard 
the sphere of their action.* 

934. If the light of the solar beam be first separated into the pris- 
matic colors, and these severally be submitted to experiment, the 
fringes will in each case be of the same color as the colored pencil ; 



* Herschel.—Brewster, Life of Newton, p. 103. 
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but they will be broadest Id red light, smallest in violet^ and of inter- 
mediate sizes in the intermediate colors. If we place the screen at 
different distances from the interposed body which gives the shadow, 
it will be found that the fringes grow less and less as we approach the 
edge of the body from which they take their rise. On measuring 
the distances of the fringes from the shadow, while they are thus 
changing their dimensions, and connecting by a line the several points 
representing those distances, it is found that this line is not a straight 
line, but a hyperbola^ whose vertex is at the edge of the body ; so 
that the same fringe is not formed of the same light at all distances 
from the body, but resembles a caustic curve, (Art. 877.) formed 
by the intersection of different rays. When we consider that the 
fringes are largest in red, and smallest in violet light, it is easy to 
understand the cause of their colors in white light ; for the colors 
seen in this case arise from the superposition of fringes of all the 
seven colors ; that is, if the eye could receive all the seven differ- 
ently colored fringes at once, these colors would form by their mix- 
ture the actual colors in the fringes seen by white light. Hence we 
see why the color of the first fringe is violet near the shadow, and 
red at a greater distance ; and why the blending of the colors beyond 
the third fringe, forms white light, instead of exhibiting themselves 
in separate tints. 

Upon measuring the proportional breadths of the fringes with great 
care, Newton found that they were as the numbers 1, \/^, \/J y/}^ 
and their intervals in the same proportion.* 

935. In the foregoing experiments, the colored fringes are suppo- 
sed to be formed on the edge of the shadow of an opake body placed 
in a beam or pencil of light. The same phenomena are exhibited 
in a more striking and beautiful manner, when we view with a magni- 
fying glass, a pencil of light as it passes through an exceedingly small 
aperture. Suppose, for instance, we place a sheet of lead, having a 
small pin-hole pierced through it, in the pencil of rays diverging from 
the focus of a lens, as in Art. 933. The image of the hole will be 
seen through the lens as a brilliant spot, encircled by rings of colors 



* Brewster's Optics, pp. 95-97. 
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of great Tividnessy which contract and dilate, and undergo a idngular 
and beautiful alternation of tints, as the distance of the bole from 
the luminous point on the one hand, or from the magnifier on the 
other, is changed. When the latter distance is considerable, the 
central spot is white, and the rings follow nearly the orders of colors 
of their plates. When the magnifier is brought very near to the 
pin-hole the central white spot contracts into a point and yanisbes, 
and the rings gradually close in upon it in succession, so that the 
center assumes, successively, the most surprisingly vivid and intense 
hues, and the rmgs surrounding it undergo great and abrupt changes 
m their tints.* 

Newton attempted to account for the inflexion of light by a sup- 
posed repulsion exerted by the edge of the interposed body, or hf 
the edges of the circular aperture on the rays of light that are near^ 
est to it, while they exert a less repulsion on such as are a little more 
remote. By this means, the relative direction of the rays would be 
so altered that they would cross one another, and their light intei^ 
fere, or become blended ; and by following out the consequences of 
this interference, they were found to correspond to some of the et 
fects actually observed to take place. 

936. A more satisfactory explanation of the inflexion of light asd 
the formation of colored fringes, is afforded by that theory which con- 
siders light as produced, not by the emission of luminous partida 
from the radiant body, but by the undulations of a peculiar fluid. 
By instituting an analogy between the motions of such a fluid, and 
those of waves, or those of air in producing sound, when those mo- 
tions are affected by opposing obstacles, or modified by the passage 
of the fluid through small orifices, Dr. Young and M. Fresnel, two 
very distinguished opticians, have explained all the phenomena in 
question in the most satisfactory manner, f 



* Herschel on Light, Sec. 730. 

t As we cannot find room to pursue this subject into its details, we 
must refer the learner, for farther information respecting it, to the 
writings of Newton, Biot, Brewster and Herschel. 
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CHAPTER VII. 



OF DOUBLE REFRACTION AND POLARIZATION. 




937. Double refraction is a modification which light undergod 
in piusing through certain mediae by which a single pencil of light is 
divided into two pencils^ affording two separate images of the object. 

This phenomenon was first observed in a crystal Fig. 292. 
of carbonate of lime denominated Iceland spar. 
This substance may be seen in every cabinet of 
minerals, presenting the figure of a rhomb. It is a 
solid bounded by six rhomboidal faces. It is col- 
^orless and highly transparent, and distinguished for 
its beauty in mineralogical collections ; but its most remarkable prop- 
erty is that of rendering letters or any other small objects* placed be- 
hind it double. 

Though double refraction is exhibited by the Iceland crystal in a 
manner peculiarly striking, yet this phenomenon is by no means con- 
fined to that substance. It takes place in all transparent crystals ex- 
cept those which cleave in planes parallel to the sides of a cube^ or a 
regular octaedron. It also occurs in a variety of other bodies which 
are more or less transparent, where there is any disposition towards a 
regular arrangement of the particles, such as hair, quills, and the like, 
and in all bodies when in a state of unequal dilation or compression. 

938. The explanation of this singular effect has exercised the 
sagacity of the profoundest philosophers, at the head of whom are 
Newton and Huygens. Inquiries respecting it, have of late years 
been associated with those respecting the Polarization of Light, both 
of which subjects have been studied with the greatest attention and 
zeal by some of the first philosophers of the present century ; and 
their investigations have opened a new field of philosophical curios- 
ity, no less ample than fertile. In a work so limited as the pres- 
ent, it will be impossible to give any thing more than a very slight 
sketch of these subjects, to serve merely for the purposes of an in- 
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traduction to studies which, in order to be fully understood require 
to be prosecuted for a length of time proportioned to their extent 
and mlricacy. p.^ ^^^ 

939. Ifa rhomb of Iceland spar, repre- 
sented in Fig. 293, be placed above a 
black line drawn on white paper, and view- 
ed with the eye at R, the line will appear 
double, as mUf MN, or if we cause a 
pencil of light Rr to fall upon the sur- 
face of the rhomb, it will be separated e', 
into two pencils rO, rE, each of which ^ 
will emerge from the rhomb at (/ and e' in the directions Ot/, Ee' 
parallel to Rr. The pencil Rr has therefore suffered double rtfm- 
tion in passing through the rhomb, and as the same effects will take 
place by making the pencil Rr fall at the same incidence, and in the 
same direction, relative to the summit A upon any point of any of 
the faces, it is manifest that the double refraction cannot arise from 
any difference of density in different parts of the rhomb. 

940. In order to prove this by direct experiment, let the angles of 
the ray rO, rE be measured, corresponding to the different angles 
of incidence Rr, beginning at a perpendicular incidence of 0°. Il 
will then be found that at 0° the ray rO has suffered no refraction; 
and that at 10^, 20°, 30°, &c. its refraction is such as it should be 
by the ordinary law of the sines ; the sine of the angle of refraction 
being to the sine of the angle of incidence in a constant ratio. With 
the ray rE, however, the case is very different ; and at 0° its angle 
of refraction, instead of being 0°, is 6° 12^ ; and at 10°, 20°, 30°, 
be. it is such as not to follow the constant ratio of the sines. Hence 
it follows, that Iceland spar has a double refraction, separating a pen- 
cil of light into two, one of which is refracted according to the ordi- 
nary law, and hence called the ordinary ray, and the other refracted 
according to a new or extraordinary law and called the extraordi- 
nary ray. 

94 1 . In all doubly refracting substances there are one or more 

LINES, or one or more planes, along which there is no double r«- 

fraction. Those substances in which there is only one such line or 
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plane, are called ayitalt with one optic axit; and those which hare 
nro such axes or planes, are denominBted crytlah with two optie 

An axis of double refraction, however, is not, like the axis of ibe 
earth, a fixed line within the rhomb or crystal. It \3 only a fixed di- 
reetion : for if we divide, as we may do, the rhomb ABC (Fig. 292.) 
into two or more rliombs, each of these separate rhombs will have ita 
axis of double refraction ; but wben these rhombs are agaiu put to- 
gether, their axes will all be parallel to AX. Every line, therefore, 
within the rhomb parallel to AX, is an axis of double refraction ; but 
as these lines have all one and the same direction in space, the crys- 
tal is still said to have only otrn axis of double refraction.* 

In making experiments with different crystals, it is found that in 
some the extraordinary ray is refracted towards the axis AX, while 
in others it is refracted from the same axis. In the first case, the 
axis is called a positive axij, and in the second case, a negative axis 
of double refraction.-|- 

Fig.294. 

943. In order to give a fsrorliar explanation 
of the law of double refraction, let us suppose 
that a rhomb of Iceland spar is turned in a 
lathe to form a sphere, as shown in Fig. 294, . 
AX being the axis both of the rhomb and the 
sphere. If we now make a ray pass along the 
axis AX, after grinding or pohshing a small flat surface at A and X, 



■ Herscbel, in hia Treatise on Light, illustraUs this subject by the 
following simile. Suppose a mass of brick-work or masonry, of great 
magnitude, built of bricks all laid parallel to each other. Its exteriur 
form may be what we please ; a cube, a pyramid, or any other figure. 
We may cut it, (wben hardened into a compact mass,) into any shape, 
m sphere, a cone, a cylinder, &.c. ; but the edges of the bricks within 
it, lie still parallel to each other; and their directions, as well as those 
of the diagonals of their surfaces, or of their solid figures, may all be 
regarded as so many axes, i. e. lines having (so long as the mass re- 
mains at rest) a determinate position, or rather direction in spHce, no 
way related to the exterior surfaces, or linear boundaries of the mass, 
which may cut across the edges of the bricks in any angles ne please. 

t Brewster. 
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perpendicular to AX, we shall find that there is no double refractioo; 
the ordinary and extraordinary ray forming a single ray, and objects 
seen behind one of these new surfaces, (the eye being supposed to 
look perpendicularly through the other surface in the direction of the 
axis,) appear no longer double but single. Hence, 
The index of refraction along the > 1.664 for the ordinary ray. 
axis AX will be 5 1.654 for the extraordinary raj. 

0.000 difference. 
If we do the same at any point, a, about 45^ from the axis, we 
shall have. 
The index of refraction along the line RaJO, ") ^ 

which is nearly perpendicular to the face > ' ^\, 

., , u \ 1.572 extraordinary, 

the rhomb, J ^ 

0.082 difference. 

If we do the same at any point of thtf equator CD, inclined 90^ 
to the axis, we shall have. 
The index of refraction perpendicular to > 1.654 ordinary. 

the axis, 5 1.483 extraordinary. 

0.171 difference. 
Hence it follows, that the index of extraordinary refraction is the 
same at all angles with the axis AX ; and hence, in every part of a 
circle described on the surface of the sphere round the pole A or X, 
the index of extraordinary refraction has the same value, and conse- 
quently the double refraction or separation of the rays will be the 
same. In crystals^ therefore, with one aocis of double refraction, the 
lines of equal double refraction are circles parallel to the equator. Of 
circles of greatest double refraction. 

In quartz the index of extraordinary refraction increases from the 
pole A to the equator CD, whereas in the foregoing example of Ice- 
land spar it diminishes, and the extraordinary ray appears to be drawn 
to the axis. 

943. A great number of crystals have two axes of double refrac- 
tion, or two directions inclined to each other along which the double 
refraction is nothing. In crystals with one axis, the axis has the same 
position, whatever be the color of the pencil of light which is used ; 
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but in crystals with two axes, the axes change their position accord- 
ing to the color of the light employed, so that the inclination of the 
two axes varies with differently colored rays. In Rochelle salts, the 
inclination of the axis for violet light is about 56^, while for red light 
it is about 76^. Some salts have two axes for one color and only 
one axis for another. 

Until recently it was supposed that the number of optic axes never 
exceeds two;* but Dr. Brewster has lately discovered an example of 
a mineral (analcme) which has an indefinite number of axes of double 
refraction, in the direction of which light suffers no separation, al- 
though when passing through the body in any other direction it un- 
dergoes double refraction. 

A cylinder of glass, first heated red hot, and then rolled on a plate 
of metal until it is cold, acquires a permanent doubly refracting struc- 
ture. If, instead of heating the glass cylinder, we had placed it in a 
vessel, and surrounded it with boiling oil or boiling water, it would 
have acquired the same doubly refracting structure, when the heat 
had reached the axis ; but this structure is only transient, as it dis- 
appears when the cylinder is uniformly heated. Analogous struc- 
tures may be produced by pressure, and by the induration of soft 
solids, such as animal jellies, isinglass, &c. 

944. If the cylinder in the preceding explanation is not a regular 
one, but has its section perpendicular to the axis every where an el- 
l^pte instead of a circUj it will have two axes of double refraction. 
In like manner, if we use rectangular plates of glass instead of 
cylinders, in the preceding experiment, we shall have plates with 
two planes of double refraction ; a positive structure being on one 
side of each plane and a negative on the other. If we use perfect 
spheresj there will be axes of double refraction along every diameter, 
and consequentiy an infinite number of them. The crystalline lenses 
of the eyes of almost all animals, whether their figures be those of 
lenses, spheres, or spheroids, have one or more axes of double re- 
fraction. 



* See Herschel on Light, Sec. 781. 
Vol. II. 37 
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Polarization of Light. 

946. Polarization of Light is a change whiA light «iifer- 
goes after certain refraction$ or reflexiom^ by which a ray aeqmm 
POLABiTTy or different properties on diffiarent sides. 

This quality of light, which b one of the most remaikable of aB 
its properties, was discovered by Huygens during his investigattoni 
into the cause of double refraction as exhibited in the Iceland Ciy^- 
tal ; but the attention of opticians was more particularly directed to- 
wards it by the discoveries of Mains b 1810. The knowled^ 
of this singular property of light has afforded an explanation of many 
of the most btricate phenomena in optics. 

946. With respect to the light of the sun, whether it be direct or 
reflected, whether it be white light or one of the prismatic colors, no 
such difference of properties exists in the difierent sides of a ray; 
and the same is true of the light of a candle or any self-luminooi 
body. But if bstead of employing a ray emitted directly from tiie 
sun or from any self-luminous source, we subject to examinatioo a 
ray that has undergone double refraction, or a certain kind of reflex- 
ion to be more particularly described hereafter, or tliat has been ia 
any one of a great variety of ways subjected to the action of mate- 
rial bodies, it seems to have acquired sides; a right and a left, a fifont 
and a back ; and the intensity, though not the direction of the reflect- 
ed or transmitted portion depends materially on the position with 
respect to these sides in which the plane of incidence lies, though 
every thing else remains precisely the same. It may assist the 
learner to conceive of the distinction between a common and a po- 
larized ray of light, to liken the former to a cylindrical rod, as a large 
wire, and the latter to a flat plate of the same diameter. The rod 
would move through a resisting medium, as water for example, with 
the same facility whatever side were foremost ; but the plate would 
move with far greater facility in the direction of its narrow than in 
that of its broad edge. Thus a thin sheet may be slipped between 
the bars of a grating, which would present an insuperable obstacle 
to it if applied crosswise. 
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947. But to be more particular, and to give a more clear concep- 
tion of the marked distinction which exists between a polarized and 
an unpolarized ray. There are many crystallized minerals, which 
when cut into parallel plates are sufficiently transparent, and let pass 
abundance of light with perfect regularity, but which, nevertheless, 
at its emergence, is found to have acquired that peculiar modification 
here in question. One of the most remarkable of these is the tour- 
moZm, a mineral which crystalizes in long prisms, the lateral faces of 
which are often so numerous as to give the specimen almost a cylin- 
drical form. Now if we take one of these crystals and slit it (by the 
aid of a lapidary's wheel) into plates parallel to the axis of the 
prism, of moderate and uniform thickness, of about j\ of an inch, 
and well polished, luminous objects may be seen through them as 
through plates of colored glass. Let one of these plates be interpo- 
sed perpendicularly between the eye and a candle. Now holding 
this first plate in a fixed position, with its axis vertical for instance, 
let a second be interposed between it and the eye, and turned round 
slowly in its own plane, and a very remarkable phenomena will be 
seen. The candle will appear and disappear alternately at every 
•quarter revolution of the plate, passing through all gradations of 
brightness, from a maximum down to a total, or almost total evanes- 
cence, and then increasing again by the same degrees as it diminished 
before. If we now attend to the position of the second plate with 
respect to the first, we shall find that the maximum of illumination 
takes place when the axis of the second plate is parallel to that of 
the first, so that the two plates have either the same positions with 
respect to each other, that they had in the original crystal, or positions 
dififering by 180^, while the minimum^ or evanescence of the image 
takes place exactly 90^ from this parellelism, or when the axes of 
the two plates are exactly crossed. In tourmalins of a good col- 
or, the stoppage of the light in this situation is total and the combi- 
ned plate^ though composed of elements separately very transparent 
of the same color, is perfectly opake. In others it is only partial ; 
but however the specimen be chosen, a very marked defalcation of 
light in the crossed position takes place. We shall at present sup- 
pose that the specimens employed possess the property in question 
in its greatest perfection. Now it is evident that the light which has 
passed through the first plate has acquired in so doing a properly 
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totally distinct from those of the original light of the candle* The 
latter would have penetrated the second plate equally well in all its 
positions, while in others it passes through readily ; and these poo- 
tions correspond to certain sides which the ray has acquired, and 
which are parallel and perpendicular respectively to the axis of the 
first plate. Moreover, when these sides are once acquured, they are 
retained by the ray in all its future course, (provided it be not agnu 
otherwise modified by contact with other bodies) for it matters not 
how great the distance between the two plates is,-— whether they an 
in contact, or many inches, miles, or yards asunder, ^nce, in all these 
cases, not the least variation is perceived in the phenomena in quee- 
tion. If the position of the first plate be shifted, the sides ot the 
transmitted ray shift with it, through an equal angle, and the second 
will no longer extinguish it in the position it at first did, but must be 
brought into a position removed there-from, by an angle equal to that 
through which the first plate has been made to revolve. 

948. But it is not exclusively by such means that the polarizatioB 
of light may be efiected, nor is this the only character which distin- 
guishes polarized from ordinary light. The following are the prio- 
dpal means by which the polarization of light may be performed, vi& 

1 . By transmission through a regularly crystallized medium pos- 
sessed of the property of double refraction. 

2. By rejleadon at a proper angle from the surfaces of transparent 
media. 

3. By transmission through transparent, uncrystallized plateSj m 
sufficient number and at proper angles. 

4. By transmission through various bodies, such as agate, mother- 
of-pearl, &c. which have an approach to a laminated structure^ and 
an imperfect state of crystallization, 

949. The characters which are found invariably to co-exist in a 
polarized ray, being the chief of those by which it may be most 
easily recognized as polarized, are — 

1. Incapability of being transmitted by a plate of tourmaline, as 
above described, when incident perpendicularly on it, in certain po- 
sitions of the plate ; and ready transmission in others at right angles 
to the former. 
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2. Incapability of being reflected by polished transparent media 
at certain angles of incidence, and in certain positions of the plane 
of incidence. 

3. Incapability of undergoing division into two equal pencils by 
double refraction, in positions of the doubly refracting bodieSi in 
which a ray of ordinary light would be so divided. 

Besides these, there might be enumerated a vast variety of other 
characters, which, however, it will be better to regard Bsprapertiei 
at once of polarized light, and of the various media which eSBdCt it. 
It cannot fail to be remarked, that all these characters are of the 
negative kind, and consist in denying to polarized light, properties 
which ordinary light possesses, and that they are such as affect the 
intensity of the ray, not its direction. Thus the direction which a 
polarized ray will take under any circumstances of the action of 
media, is never difierent from what an unpolarized ray might take, 
and from what a portion of it actuaUy does take. For instance, 
when an unpolarized ray is separated by double refraction into two 
equal pencils, a polarized ray will be divided into two unequal ones, 
one of which may even be altogether evanescent, but their directions 
are precisely the same as those of the pencils into which the unpo- 
larized ray is divided. Hence, we may lay it down as a general 
principal, that the direction taken by a polarized ray, or by the parts 
bto w]iich it may be divided by any reflexions, refractions, or other 
modifying causes, may always be determined by the $ame rules as 
apply to unpolarized light ; but the relative intensities of these por- 
tions differ from those of similar portions of unpolarized light, ac- 
cording to certain laws, which it is the business of the optical inquirer 
to ascertain.**^ 

950. The first method of polarization is by double refraction. 
When a beam of light suffers double refraction as in the Iceland 
Spar, where the ray Rr (Fig. 293.) is incident in the plane of the 
principal section, or, what is the same thing, in a plane passing through 
the axis, the two pencils rO, rE are each polarized ; the plane of 
polarization of the ordinary ray rO being in the principal section, or 



• Herschel, TVeatise on Light, Sects. 816 — 819. 
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Fig. 295. 




Fig. 296. 



in a vertical line, and the plane of polarization of the extraor^oirjr 
ray rE being at right angles to the principal section, or in a borizoittal 

line. 

The phenomena which arise from this opposite polarization of the 
two pencils may be well seen in Iceland spar. For this purpose let 
ArX be the principal section of a rhomb of Iceland 
spar, Fig. 295, through the axis AX, and perpendic- 
ular to one of the faces, and let A^FX^ be another 
similar section, all the Imes of the one being parallel 
10 all the lines of the other. A ray of light Rr, in- 
cident perpendicularly at r will be divided into two 
pencils ; an ordinary one, rD, and an extraordinary 
one, rC. The ordinary ray fallbg on the second crys- 
tal at G, again suffers extraordinary refraction, and 
emerges at K an ordinary ray, Oo, with its plane of 
polarization vertical. In like manner the extraordi- 
nary ray, rC, falling again on the second crystal at 
F, suffers extraordinary refraction, and emerges at H 
an extraordinary ray, Ee, with its plane of polariza- 
tion horizontal. These results are exactly the same 
as if the two crystals had formed a single crystal, by 
being united at their surfaces, CX, A^G, either by 
natural cohesion, or by a cement. Let the upper 
crystal AX now remain fixed, with the same ray Rr 
falling upon it, and let the second crystal A^X' be 
turned round 90^, so that its principal section is per- 
pendicular to that of the upper one, as shown in Fig. 
296 ; then the ray DG ordinarily refracted by the first 
rhomb will be extraordinarily refracted by the second. 

The pencils or images formed from the ray Rr, in the two posidoos 
shown in Figs. 295, 296, may be thus described as marked in 
the Figures. 

O is the pencil refracted ordinarily by the first rhomb. 

E is the pencil refracted extraordinarily by the^*^ rhomb. 

is the pencil refracted ordinarily by the second rhomb. 

e is the pencil refracted extraordinarily by the second rhomb. 

Oo is the pencil refracted ordinarily by both rhombs in Fig. 295. 
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£« is the pencil refracted extraordinarily by both rhombs in 
Fig. 295. 

Oe is the pencil refracted ordinarily by the^r*^, and extraordina* 
rily by the second rhomb in Fig. 296. 

Eo is the pencil refracted extraordinarily by the first, and orrft- 
narUy by the second rhomb in Fig. 296. 

In both the cases shown in Figs. 295, 296, when the planes of the 
principal sections of the two rhombs are either parallel as in Fig. 295, 
or perpendicular to each other, as in Fig. 296, the nearest rhomb is 
not capable of doubly refracting or dividing into two, any of the pen- 
cils which fall upon it ; but in every other position between the par- 
allelism and the perpendicularity of the principal sections, the two 
pencils formed by the first rhomb will be refracted doubly by the 
second. 

- Fig. 297. 
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In order to explain the appearances in all intermediate positions, 
let us suppose that the ray Rr proceeds from a round aperture, 
like one of the circles at A, Fig. 297, and that the eye is placed be- 
hind the two rhombs at HK, Fig. 295, so as to see the images of 
this aperture. Let the two images shown at A, be the appearance 
of the aperture at R, seen through one of the rhombs by an eye 
(daced behind CD, Fig. 295, then B will represent the images seen 
through the two rhombs in the position in Fig. 295, their distance 
being doubled, from sulSering the same quantity of double refraction 
twice. If we now turn the second rhomb, or that nearest the eye 
from left to right, two faint images will appear, as at C, between the 
two bright ones, which will now be a little fainter. By continuing to 
turn, the four images will be all equally luminous, as at D ; they will 
next appear as at E ; and when the second rhomb has moved round 
90^, as in Fig. 296, there will be only two images of equal bright- 
ness, as at F. Continuing to turn the second rhomb, two faint ima- 
ges will appear, as at G ; by a farther rotation they will be all equally 
bright, as at H ; farther on they will become unequal, as at I ; and 
at 180^ of revolution, when the planes of the principal section are 
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agaio parallel, and the axes AX, A^X' at ri^ht angles nearly to etch 
other, all the images will coalesce into one bright image, as at K, 
having double the brightness of either of those at A, B, or F. and 
four times the brightness of any of the four at D and H. If we 
DOW follow any one of the images AB, from the position in Fig. 
295, where the principal sections are inclined 0^ to one another, to 
the position in Fig. 296, where it disappears at F, we shall find that 
its brightness diminishes as the square of the cosine of the ai^ 
formed by the principal sections, while the brightness of any image 
from its appearance between B and C Fig. 295, to its greatest bright- 
ness at F, increases as tlie square of the sbe of the same an^ 

951. By considering the preceding phenomena it will appear that 
whenever the plane of polarization of a polarized ray, whether oh 
dinary or extraordinary, coincides with or is parallel to the priocipal 
section, the ray will be refracted ordinarily; and whenever the 
plane of polarization is perpendicular to the priocipal section it wil 
be refracted extraordinarily. In all intermediate positions it wil 
sufier both kinds of refraction, and will be doubly refracted ; the 
ordinary pencil being the brightest if the plane of polarizatioe is 
nearer the position of parallelism, than that of perpendicularity, aid 
the extraordinary pencil the brightest if the plane of polarizatioD is 
nearer the position of perpendicularity than that of parallelism, it 
equal distances from both these positions, the ordmary and extrao^ 
dinary images are equally bright. 

952. It does not appear from the preceding experiments that the 
polarization of the two pencils is the elSect of any polarizing ibite 
resident in the Iceland Spar, or of any change produced upon the 
light. The Iceland spar has nearly separated the common light into 
its two elements, according to a different law, in the same mamier 
as a prism separates all the seven colors of the spectrum from the 
compound white beam, by its power of refracting the elemeotaiy 
colors in different degrees. The re-union of the two oppositely po- 
larized pencils produces common light, in the same manner as the 
re-union of all the seven colors produces white light.* 



• Brewster's Treatise on Optics, Ch. XVIII. 
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053. As a preparation for studying the optical structure of the 
eye, and the laws of vision, it will be useful first to learn in what 
way images of external objects are formed In a dark room, by light 
admitted through a hole in the window shutter. 

954. A beam of Jighl from the sun, entering into a dark room 
through a smaU orifice and striking upon an opposite wall or screen, 
forms a drcutar image on the toall, whatever be the shape of the orifice. 

We will suppose the oriGce to be comparatively large, as an inch 
in diameter, and of a triangular or of an irregular shape ; the image 
Ibrmed on the wall will still be circular. For, suppose the orifice to 
be reduced to a very small circular hole, as a pin hole, (which may 
easily be done by placing over the orifice a metallic plate, as a sheet 
of lead, pierced by a pin) ; then the rays of the sun pas«ng through 
Has small opening would of course be circular. But the large irreg- 
ular oriGce may be considered as made up of such smaller apertures, 
or the metallic plate may be conceived to be pierced with an indefi- 
nite number of pin holes, and the entire imi^e formed upon the wall 
may be conceived to be made up of an assemblage of aB these 
images of the sun blended with each other, and therefore as bounded 
by innumerable curve lines composed of the 
individual circles. Fig. 297. 

If the screen be brought near to the ori- 
fice, however, the image will be of the same 
figure as the orifice ; for the rays after they 
have passed the orifice, must have diverged 
considerably before the sections that form 
(be image shall affi>rd circles so large, that 
thwr blended circumferences shall compose 
a circular figure. (See Fig. 297.) 
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If the plane which receives the image, be not parallel to the orifice, 
then the image will be elliptical, being the section of a cone oblique 
to its axis. 

Circular images of the sun are sometimes projected on the ground, 
through the small openings among the leaves of trees. During an 
eclipse of the sun, these images copy the figure of the eclipse. 

If there be various orifices near to each other, three^ for example, 
through which a beam of the sun shines into a 'dark room, we diaB 
observe at first, at a certain distance, three distinct luminous circles. 
At t greater distance, these three circles begin to be blended, and 
finally, on enlarging sufiiciently, they unite to form a single circle. 

955. Jf, instead of a heam of solar lights we admit into a dark 
roonif through an opening in the shutter, the light reflected from vth 
rious objects without, an inverted picture of these objects wiU beformr 
ed on the opposite walL 

A room fitted for exhibiting such a picture is called a Camera 
Obscura.. 

From what has been before explained, it will be readily understood, 
that from every point in the object, innumerable rays of light pro- 
ceed and fall upon the window shutter. Of these, however, none 
can enter the aperture except such as are very near to each other, 
all others diverging too far to enter a small opening. It is essential 
to the distinctness of the picture that rays which proceed from every 
point in the object, should be collected into corresponding points in 
the image, and should exist there free from any mixture of rays from 
any other pomt ; and it is essential to the brightness of the picture 
that as many rays as possible should be conveyed from each point 
in the object to its corresponding point in the image. To render the 
picture distinct, therefore, the opening in the window shutter must 
be small, else the pencils of rays from different points will overlap^ 
each other, and confuse the picture ; but as the orifice is diminished 
the brightness of the picture is impaired, since, in this case, a smaller 
number of rays is conveyed from the object to the image. 

These modifications of the picture according to the size of tibe 
aperture, may be easily exhibited by beginning with a circular aper- 
ture two or three inches in diameter, and reducing its size gradually 
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by covering it with a piece of board, or a metallic plate, perforated 
with holes of difierent sizes. ^ 

956. If^ instead of passing through the naked orifice^ the rays he 

received on a convex lensj an inch and a half or two inches in diamr 

eter fixed in the mndow shutter^ a very bright and distinct pietmre 

of the external landscape wUl he formed on a screen^ placed at the 

focal distance of the lens. 

The image is brighter and more distinct than when formed with- 
out the aid of the lens, first, because the diameter of the lens may be 
so great as to receive and transmit a much larger portimi of the rays 
which proceed from each point of the object, than would be com- 
patible with distinctness, if so large a naked aperture were employ- 
ed ; secondly, because the rays of each pencil are brought more accu- 
rately to a separate focus ; and, thirdly, because, the fucture being 
formed nearer to the window shutter, it is smaller, and of course the 
fight, being spread over less space, is more intense. 

A convex lens fixed in a ball, is used for this purpose, which is so 
attached to the opening in the shutter as to be capable of being turn- 
ed towards diJSerent parts of the landscape, like the eye-ball in its 
socket. Such a lens with its accompanying parts, is called a Sdop- 
tic ball. 

In a bright sunny day, where the sun is on the side of the house 
opposite to the shutter, and of course illuminating the sides of objects 
which face the window, we may form either with or without the aid 

* A small room, ten feet square for example, having a window 
opening towards an unobstructed landscape, may easily be converted 
into a camera obscura. The perforation in the shutter, must be made 
equidistant from the sides of the room ; and from the aperture as a 
center, with a radius equal to the distance of the opposite wall, de- 
scribe an arc of a circle, upon which as a base a new concave wall is 
to be constructed, finished with stucco. The other walls and ceiling 
are to be colored a dead black, while the concave wall, for receiving 
the image, is made as white as possible. On admitting the light 
through an aperture half an inch in diameter, a beautiful and distinci 
picture will be formed on the opposite walL 
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of the scioptic ball, a very striking and beautiful picture of extennl 
objects, exhibiting each in its relative situation, of a size and bright- 
ness corresponding to its distance, with all the colors and the most 
delicate motions of the landscape. The name camera obscuraf which 
appropriately belongs to such a chamber, is also extended to certam 
boxes in which similar pictures are formed, with peculiar devices fiwr 
rendering the image erect instead of inverted. The structure of 
these portable camera obscuras, may be described more particularly 
among other optical instruments." 

The eye is a camera obscura, and the analogy existing between 
its principal parts, and the contrivances employed to form a picturt 
of external objects as in the preceding experiments, will appear very 
striking on comparison. 

957. The eye* is an assemblage of lenses which concentrate the 
rays emanating from each point of external objects on a delicate tissue 
of nerves, called the retina^ there forming an image or exact repre- 
sentaticH} of every object, which is the thing immediately perceived 
or^eZ^ by the retina. Figure 299 is a section of the human eye 
through its axis in a horizontal plane. p* qqq 

Its figure is, generally speaking, spheri- 
cal, but in front considerably more prom- 
inent than the corresponding portion of a 
sphere. The eye consists of three prin- 
cipal chambers^ filled with media of per- 
fect transparency, whose refractive pow- 
ers difiTer considerably among themselves, 
but none of them is greatly different from 
pure water. The first of these media, A, occupying the anterior 
chamber, is called the Aqueous Humor^ and consists, in fact, chiefly 
of pure water, holding in solution a little common salt and gelatine, 
with a trace of albumen- Its refractive index (Art. 884.) is almost 
precisely that of water, viz. 1.337, that of water being 1.336. The 
cell in which the aqueous humor is contained, is bounded, on its an- 
terior side, by a strong, horny, and delicately transparent coat, na, 




* The subjoined description of the eye is taken chiefly from Her^ 
shers Treatise on Light. 
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and is called the cornea^ the figure of which is an ellipsoid, produced 
by the revolution of an ellipse about its major axis. 

We have seen (Art. 897,) that convex lenses of a spherical cur* 
vature do not bring rays of light accurately to a focus, but spread 
the light over a space of greater or less extent, which is called the 
spherical aberration of the lens. It has also appeared (Art. 899,) 
that if the lens be made of the figure produced by the revolution of 
an ellipse on its major axis, — an ellipse whose major axis is to the dis- 
tance between the foci, as the sine of incidence is to the sine of re- 
fraction ; then the rays will be brought accurately to a focus, and no 
spherical aberration will take place. We have before us, in the 
aqueous humor, an example of this construction. Its figure is such 
an ellipsoid, the ratio of whose major axis to the distance between 
the foci, is almost precisely the same with that which exists between 
the sines of the incidence and refraction ; the former ratio being ex- 
pressed by 1.3^ the latter by 1.337 ; hence parallel rays incident on 
the cornea in the direction of its axis, are made to converge to a fo- 
cus situated behind the cornea, with almost mathematical precision, 
the aberration, which would have occurred had the external surface 
been a spherical figure, being almost completely destroyed. 

The posterior surface of the chamber A of the aqueous humor is 
limited by the Iris cCy which is a kind of circular opake screen, or 
diaphragm consisting of muscular fibres, by whose contraction or ex- 
pansion, an aperture in its center called the pupil is diminished or di- 
lated, according to the intensity of the light. In very strong lights, 
the opening of the pupil is greatly contracted, so as not to exceed 
twelve hundredths of an inch in the human eye, while in feebler il- 
luminations it dilates to an opening not exceeding twenty five hun- 
dredths or double its former diameter. The use of this is evidendy 
to moderate and equalize the illumination of the image on the retina, 
which might otherwise injure its sensibility. In animals, as the cat, 
which see well in the dark, the pupil is almost totally closed in the 
day time, and reduced to a very narrow line ; but in the liuman eye, 
the form of the aperture is always circular. The contraction of the 
papil is involuntary, and takes place by the efifect of the stimulus of 
the light itself; a beautiful piece of self-adjusting mechanism, the 
play of which may be easily seen by bringing a candl6 near to the 
eye^ while directed to its own image in a looking glass. Immediate- 
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ly behind the opening of the Iris, lies the CrystalUne Lem^ B, en- 
closed in its capsule, which forms the posterior boundary of the 
chamber A. The figure of the crystalline lens is a solid of revolu- 
tion, having its anterior surface much less curved than the posterior. 
Both surfaces are ellipsoids of revolution about their lesser axes; 
but the axes of the two surfaces are neither exactly comcideiit m 
direction, with each other, nor with that of the cornea. This devia- 
tion would be fatal to distinct vision, were the crystalline lens veiy 
much denser than the others, or were the whole refraction perfiKmad 
by it. This however is not the case ; for the mean refractiTe index 
of the lens is only 1.384, while that of the aqueous humor as we 
have seen, is 1.337 ; and that of the vitreous humor C, which oe- 
cupies the third chamber, is 1.339; so that the whole amount of 
bending which the rays undergo at the surface of the crystalline is 
small in comparison with the inclination of the surface at the poull 
where the bending takes place ; and since near the vertex, a material 
deviation in the direction of the axis can produce but a very minute 
change in the inclination of the ray to the surface, the cause of &tot 
is so weakened in its effect, as probably, to produce no appreciable 
aberration. The consistence of the crystalline is that of a bard jel- 
ly, and it is purer and more transparent than the finest rock crystal 

In the crystalline a very curious and remarkable contrivance is 
adopted, for overcoming or preventing the spherical aberration which 
(Art. 897) belongs to lenses of this form, which refract the rays 
more towards their marginal than near their central parts, and hence 
do not bring all the rays belonging to one pencil to the same focus. 
Here the difficulty is obviated by giving to the central portions of the 
crystalline a proportionately greater density, thus increasing its refract- 
ive power so as exactly to correspond to that of the other portions 
of the lens. 

The posterior chamber C of the eye is fiUed with the Vtireaus 
Humor^ a fluid differing neither in specific gravity nor in chemical 
composition, in any sensible respect from the aqueous; and as we 
have already seen (Art. 884,) having a refractive index but litde su- 
perior to it. Its name is derived from its supposed resemblance to 
melted glass ; it is a clear, gelatinous fluid, very much resembling 
the white of an egg. Rays of light diverging from various objects 
without, on passing through the aqueous humor, (which is a concavo- 
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convex lens) have their divergency much diminishedi or even, in 
most cases, are rendered converging, and in tliis state are transmitted 
through the crystalline, which has precisely such a degree of refract- 
ive power as enables it to bring them to a focus at the distance of the 
retina, which, as a screen, is spread out to receive the image. The 
retina as its name imports, is a kind of white net-work, like gauae 
fiH*med of inconceivably delicate nerves, all branching from one great 
nerve O, called the optic nerve, which enters the eye obliquely at the 
kmer side of the orbit, next the nose. The retina Imes the whole 
of the cavity C up to u, where the capsule of the crystalline com*- 
nenoes. Its nerves are in contact with, or immersed in, the pigment 
(mm mgrmn, a very black velvety matter, which covers the choroid 
membrane^ mm, and whose office is to absorb and stifle all the light 
which enters the eye as soon as it has done its office of exciting the 
Detioa; thus preventing internal reflexions, and consequent confusion 
qf vision. The whole of these humors and membranes are contain- 
ed io a thick tough coat, called the sclerotica, which unites with the- 
cornea and forms what is called the white of the eye, 

958% Such in general, is the structure by which parallel rays, and 
those coming from very distant objects are brought to a focus on the 
retina. But there are special contrivances, suited to particular pur- 
poses, which are no less evincive of design and skill than the gener^ 
al (M'ganization of the eye. Some of the most remarkable of these 
we proceed to mention. The cornea, by protruding, collects the 
TVfs of light that come to the eye laterally, and guides them into the 
^e, thus enlarging the range of vision. It answers to an appendage 
to the microscope, which will hereafter be described under the 
name of field glass. The motion of the eye-ball, by means of 
which the pupil may be turned in different directions, conduces 
to the same purpose. Hence, notwithstanding the minuteness of 
the aperture which admits the light (and it must be smaU, other- 
wise the image will not be distinct) the eye may take in at once, with- 
out moving the head, a horizontal range of 110^ and a vertical range 
of 120^, namely, 60° above, and 70° below a horizontal line.* 

* Brewster. 



304 OPTICS. 

959. As the radiant approaches the leDS, the image recedes 
from it on the other side ; (see Fig. 279 ;) and io our experimems 
on the formation of images we are obliged either to change the 
place of the screen every time the distance of the radiant is altered, 
or to substitute a new lens, which will either dirow back the image 
as much as the increased distance of the radiant brings it forward, 
or which brings the image as much nearer as the altered place of the 
radiant tends to carry it off. How then is the distinctness of the im- 
age maintained in the eye, notwithstanding the immense varie^ in the 
distances of objects ? We can conceive of but two ways in wUcb 
this can be accomplished : either by lengthening or shortening tha 
diameter of the eye in the direction of its axis, so as to alter the dis- 
tance of the retina from the cornea and crystalline, or by alteriif 
the curvature of the refracting lenses themselves, increasing their 
convexity for near objects, and lessening it for objects that are more 
remote. Perhaps both causes may operate, but the effect is believed 
to be produced chiefly by the latter cause, namely, change of figure 
in the refracting lenses. On this subject. Sir J. Herschel remarks, 
that it is the boast of science to have been able to trace so far the re- 
fined contrivances of this most admirable organ ; not its shame to find 
something still concealed from its scrutiny ; for, however an^tombts 
may differ on points of structure, or physiologists dispute on modes 
of action, there is that in what we do understand of the formation of 
the eye so similar, and yet so^ infinitely superior, to a product of hu- 
man ingenuity, — ^such thought, such care, such refinement, such ad- 
vantage taken of the properties of natural agents used as mere io- 
strurtients, for accomplishing a given end, as force upon us a convic- 
tion of deliberate choice and premeditated design, more strongly, 
perhaps, than any single contrivance to be found,, whether in art or 
nature, and render its study an object of tlie deepest interest. 

• 

960. Writers on comparative anatomy express the highest admi- 
ration of the adaptation of the eyes of different animals to the media 
in which they respectively live, and to the peculiar wants or habits of 
each. Thus the crystalline lens of the fish is formed with peculiar 
reference to the refracting properties of Water, In the human eye, 
this lens has a refractive power only a little greater than that of water; 
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but since the light passes out of a much rarer medium, (air,) such a 
densitj is sufficient to bring the rays to a focus; but were the density 
of the crystalline lens in the eye of the fish no greater than in the 
haman eyci recei?ing the light from a medium (water) almost as 
dense as itself, it would be unable to give that change of direction to 
the rays which would be essential to distinct vision. But provision 
is made for this exigency by giving to the crystaUine lens a much 
greater density, and of course a higher refracting power, which ena- 
bles it completely to fulfil its purpose. 

Animals which have occasion to see in the dark^ as the owl and 
the cat, have the power of opening or closing the pupil to a much 
greater extent than man. By this means, they are enabled in the 
dark, to collect a far greater number of rays of light. But as such 
an expansion of the pupil would, in broad day light, endanger the 
safety of eyes of such peculiar delicacy, the iris closes over the aper- 
tare and diminishes it with every increase in the intensity of the Kght, 
a change which is involuntary on the part of the animal. In animals, 
as birds, which pounce upon their prey, the pupil of the eye is elon^ 
gated perpendicularly, while in those that ruminate, as the ox, it is 
elongated horizontally ; being, in each case, exactly adapted to the 
circumstances of the animal. 

961. The images of external objects are of course formed tnrcrf- 
td on the retina, and may be seen there by dissecting ofiT the posterior 
coats of the eye of a newly-killed animal, as an ox, and exposing the 
retina and choroid membrane from behind, like the image on a trans- 
parent screen, seen from behind. Tlie appearance is particularly 
striking and beautiful when the eye is fixed like the scioptic baH, m 
the window shutter of a dark room. It is this image, and this only, 
which is felt by the nerves of the retina, on which the rays of light 
act as a stimulus ; and the impressions therein produced are thence 
conveyed along the optic nerve to the sensorium, in a manner which 
we must rank at present among the profounder mysteries of physi- 
ology, but which appear to differ in no respect from that in which 
the impressions of the other senses are transmitted. Thus, a para- 
lysis of the optic nerve produces, while it lasts, total blindness, though 
the eye remains open, and the lenses retain their transparency ; and 
some very curious cases of half blindness have been successfully re- 

VoL. 11. 39 



306 OPTICS. 

ferred to an affection of one of the nerves without the other.* On 
the other hand, while the nerves retain their sensibilitjr, the degree 
of perfection of vision is exactly commensurate to that of the image 
formed on the retina. In cases of cataract^ when the crystalline lens 
loses its transparency, the light is prevented from reaching the retina, 
or from reaching it in a proper state of regular concentration j bemg 
stopped, confused, and scattered, by the opake or semi-opake por- 
tions it encounters in its passage. The image, m consequence, b 
either altogether obliterated, or rendered dim and indistinct. If the 
opake lens be extracted, the full perception of light returns; but one 
principal instrument for producing the convergence of the rays being 
removed, the image, instead of being formed on the retina, is formed 
considerably behind it, and the rays being received on it in a state of 
convergence, before they are brought to a focus, produce no regular 
picture, and therefore no distinct vision. But if we give to the rays, 
before they enter the eye, a certain degree of divergence, by the ap- 
plication of a convex lens, so as to render the lenses of the eye capa- 
ble of finally effecting the exact convergence of the rays upon the 
retina, distinct vision is the immediate result. This is the reason wbjr 
persons who have undergone the operation for the cataract, (wfaich 
consists either in totally removing, or in putting out of the way, an 
opake crystalline,) wear spectacles unusually convex. Such glasses 
perform the office of an artificial crystalline. An imperfection of vis- 
ion similar to that produced by the removal of the crystalline, is the 
ordinary effect of old age, and its remedy is the same. In aged pe^ 
sons, the cornea loses someting of its convexity, or becomes flatter. 
The refracting power of the eye is by this means diminished, and a 
perfect image can no longer be formed on the retina, the point to 
which the converging rays tend being beyond the retina. The de- 
ficient power is supplied by a convex lens, in a pair of spectacles, 
which are so selected and adapted to the eye, as exactly to compen- 
sate for the want of refracting power in the eye itself, and thus the 
rays are brought to a focus at the retina, where alone a distinct im- 
age can be formed. 



Wollaston, Phil. Trans. 1824. 
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962. Short-sighted persons have their eyes too convex, forming 
the image too soon, or before they reach the retina. Concave 
glasses counteract this effect. Rare cases have occurred where the 
cornea was so very prominent as to render it impossible to apply con- 
veniently a lens sufficiently concave to counteract its action. Such 
cases would be accompanied with immediate blindness, but for that 
happy boldness, justifiable only by the certainty of our knowledge of 
the true nature and laws of vision, which in such a case has suggest- 
ed the opening of the eye and removal of the crystalline lens, though 
in a perfectly sound state.^ Other defects of eye sight, whose cause 
has been ascertained to depend on mal-conformation of the cornea, 
or some other part of the eye, have sometimes been remedied by 
adapting to them glasses of a peculiar construction, possessing optical 
properties adapted to the particular defects they were required to 
remedy. 

963. As we have two eyes, and a separate image of every ex- 
ternal object is formed in each, it may be asked, why we do not see 
doubled 

When we look at an object we direct towards it the optic axisf of 
each eye, and see most distinctly that point where this axis produced 
meets the body. In looking at the same point with both eyes, we in- 
cline them so as to make the two axes meet in that point : we there- 
fi>re see this point in the same place with both eyes, and it appears as 
one, the image being brighter than when seen with one eye. If, by 
any means, the optic axes be prevented from meeting in the same 
point, double vision is the consequence. Thus we make surround- 
ing objects appear double by pressing the ball of one eye sidewise 
with the finger. Those who have one eye distorted by a blow, see 
double, though they sometimes learn by habit to correct the defect, 
even while the distortion remains. The sense of touch is subject to 
a similar distortion : if we lay the middle finger across the fore finger 
and apply the ends of both fingers to any object, as a small ball, or 
the end of the nose, the object appears double. 



* Herschel on Light, Sec. 350-358. 

t The optic axis, is the axis of the crystalline lens, or a line pass- 
ing through the center of the crystalline perpendicular to both its 
surfaces. 
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A similar separation of the optic axes, with a similar result, takes 
place when we hold a small object, as a pin, b front of the eyes, and 
then direct them to some distant object : the pin appears double. 
The same effect is produced, when we look intently at w objea 
near the eye, and attempt at the same time to catch a view of a re- 
mote object : the latter appears double. 

964. The reason why objects appear erect, while their images oa 
the retina are inverted, has given rise to much discussion. It seems, 
however, not difficult to comprehend, that objects, and the parts of 
objects, should appear in the direction in which the hiys of light emit- 
ted from them come to the eye ; and accordingly that those whidi 
come from the top and bottom of the object should be referred to 
those points respectively, just as one sound would be known to pro- 
ceed from the top and another from the bottom of a high lowers 
merely by the different sensations which they excited in the ear, al- 
though the chain of vibrations from the top should strike the bottom, 
and those from the bottom the top of the ear. Indeed, this very cv- 
cumstance might be that which determined the relative positions of 
the two points ; and if these sounds presented to the mind a picture 
of the tower, they would represent it in its natural erect position. 

965. Very minute objects, which cannot be seen by direct vision, 
may sometimes be rendered visible by looking a little away from 
them, so that their light strikes the eye obliquely. Thus, astrono- 
mers in viewing the smallest stars or satelUtes with the telescope, 
have sometimes been able in this manner to catch a glimpse of them, 
when they could not otherwise be seen. This effect is ascribed to 
the expansion of its image when seen obliquely, which makes its 
light act on a greater portion of the retina. 

966. The estimation of the distances and magnitudes ofobjeeU^ 
is not dependent on optical principles alone, but the information flf- 

forded by the eye, is taken in connexion toith various circumstances 
that influence the mind in judging of these particulars. 

In the first place, we judge of the distance of an object by the »»- 
clination of the optic axes, which is greater for nearer objects and 
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less for objects more remote. But beyond a certain distance, this 
method is very indeterminate, since great intervals among remote 
objects would scarcely affect the inclination of these axes. In the 
second place, we judge of distance by the apparent magnitude of 
known objecU; as when a ship of large size, or a high mountain, 
appears comparatively small, we refer it to a great distance. We 
are also frequently deceived in our estimate of distance when we are 
approaching large objects, as a great city, or a lofty mountain : we 
fancy diey are nearer than they actually are. In the third place, we 
estimate the distance of objects by the degree of distinctness of the 
parts, or brightness of the colors. Thus a smoky mountain is refer- 
red to a great distance ;^ a mountain whose sides are precipitous and 
bare (especially where the rocks have a new and fresh appearance 
in consequence of having been quarried for use) appears nearer 
than the reality ; vessels, or steam boats, seen through a mist in the 
night, have sometimes run foul of each other, being supposed by the 
pilots to be much farther off, in consequence of the indistinctness of 
their appearance. In the fourth place, our estimate of distance is 
afiected by the number of intervening objeetsi Hence, distances 
upon uneven ground do not appear so great as upon a plain ; for the 
valleys, rivers, and other objects that lie low, are many of them lost 
to the sight. On tliis principle, the breadth of a river appears less 
when veiwed from one side than from the center ; a ship appears 
nearer than the truth to <Hie unaccustomed to judge of distances on 
the water; and the horizontal distance of the sky appears much great- 
er than the vertical distance, whence the aerial vault does not present 
the appearance of a hollow hemisphere, but of such a hemisphere 
much flattened in the zenith, and spread out at the horizon. 

967. A similar variety of circumstances afiects our estimate of 
the magnitudes of bodies seen at different distances. First, the ris" 
ual angle, that is, the angle subtended by the object at the eye, deter- 
mines the size of objects that are near ; but it is scarely any guide to 
the dimensions of remote objects, since all such objects subtend angles 



* This appearance exhibits the true color of the atmosphere, be- 
coming visible in consequence of the extent of the stratum, and the 
dark ground which the mountain affords upon which to view it. 
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at the eye comparatively very small. Thus, on this principle, a fly 
within a few inches of the eye would appear larger than a ship of 
war seen at some distance on the water. A giant, nine feet in height 
thirty feet off, would appear no larger than a child three feet high 
seen at the distance of ten feet. But as this result is not conforma- 
ble to experience, it is evident that we must have means of judgiif 
of the magnitude of objects, beside that derived from the visual 
angle. If the giant were to remove from the distance of ten feet 
from the eye to that of thirty feet, his image on the retina would be 
only one third as long as before ; but, on the other hand, the distance 
is trebled, and the sort of combmation that takes place in us of the 
two impressions, the one of magnitude the other of distance, is like 
the constant product of two quantities, of which one increases in the 
same ratio as the other diminishes ; whence the giant would appear 
constandy of the same height, at whatever distance from us he was 
seen.* 

968. This corrected result, however, we can make only in cases 
when we are familiar with the actual size of the body. When not 
thus familiar, we rely too much on the visual angle, and are thus 
often greatly deceived. A speck on the window being at the instant, 
supposed to be an object on a distant eminence, is magnified, in our es- 
timation, into a body of extraordinary size (as a line half an inch long 
into a may-pole) ; or distant objects supposed to be very near appear 
of an exceedingly diminutive size. Secondly, the effect of contrast 
is visible in our estimation of the magnitudes of bodies, a given ob- 
ject appearing much below its ordinary size, when seen by the side of 
those of very great magnitude. Men quarrying stone at the base of a 
high mountain sometimes appear at a little distance like pigmies, part- 
ly from the effect of contrast, but more perhaps from the impression 
which the mountain gives us of their being nearer than they actually 
are. Thirdly, objects seen at an angle considerably above or below 
us, as a man on the top of a spire, or a river in a deep valley seen 
from the top of a mountain, appears greatly diminished. In these 
cases, since there are no intervening objects to aid us in estimating 
the distance, we estimate it too low, and hence (Art. 966.) the ob- 

* Haiiy. 
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ject appears less than the reality. Moreover, beiDg seen obliquely, 
its apparent dimensions are diminished on this account, the apparent 
diameter being determined by the line into which the object is pro- 
jected perpendicular to the axis of vision. Hence children judge 
much less accurately both of distances and of magnitudes than adults; 
and blind persons suddenly restored to sight, have usually displayed 
an utter inability to judge of these particulars. 



CHAPTER IX. 



OF MICROSCOPES. 



969. The Microscope is an optical instrument, designed to aid 
the eye in the inspection of minute objects.* 

Telescopes, on the other hand, assist the eye in the exammation 
of distant bodies. These two instruments have probably more than 
any other, extended the boundaries of human thought, and no small 
part of the labor which has been bestowed upon the science of optics, 
has had for its ultimate object their improvement and perfection. 

With the hope of making the learner well acquainted with the 
principles of the microscope, we shall begin with those varieties of 
the instrument which are the most simple m their construction, and 
successively advance to others of a more complicated structure. 

970. The simplest microscope is a double convex lens. This, it 
is well known, when applied to small objects, as the letters of a book, 
renders them larger and more distinct. Let us see in what manner 
these effects are produced. When an object is brought nearer and 
nearer to the eye, we finally reach a point within which vision begins 
to grow Imperfect. That point is called the limit of distinct vision. 
Its distance from the eye varies a little in dififerent persons, but ave- 



jxixpo^, small, (fxo^it*iy to see. 
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rages (for minute objects) at about five inchei. If the object be 
brought nearer than diis distance, the rays come to the eye loo di* 
verging for the lenses of the eye to bring them to a focus soon enoi]^, 
that iS| so as to make the image fall exactly on the retina. Mor9- 
over, the rays which proceed from the extreme parts of the ob- 
ject meet the eye too obliquely to be brought to the same foeos with 
those rays which meet it more directly, and hence contribute only to 
confuse the picture. We may verify these remarks by bringing grad- 
ually towards the eye a printed page with small letters. When the 
letters are within two or three inches of the eyCi they are blended 
togetheri and nothing is seen distinctly. If we now make a pin hole 
through a piece of paper, (black paper is preferable,) and look at 
the same letters through thb, we find them rendered far more distinct 
than before at nearer distances, and larger than ordmary. Their 
greater disiinetness is owing to the exclui^on of those oblique rays 
which, not bemg brought by the eye to an accurate focus with the 
central rays, only tend to confuse the picture formed by the latter. 
As only the central rays of each pencil can enter so small an orifice, 
the picture is made up, as it were, of the axes of all the pencils. The 
increased magnitude of the letters is owing to their being seen nearer 
than ordinary, and thus under a greater angle, an increase of the 
visual angle having much influence in our estimate of the magnitude 
of near objects, though it has but little influence in regard to remote 
objects. (Art. 967.) 

971. A convex lens acts on much the same principles, only it is 
still more efiectual. It does not exclude the oblique rays, but it di- 
minishes their obliquity so much, as to enable the eye to bring them 
to a focus at the distance of the retina, and thus makes them con- 
tribute to the brightness of the picture. The object is magnified as 
before, because it is seen nearer, and consequently under a larger an- 
gle, which enables minute portions to be distinctly recognized by the 
eye, which were before invisible, because they did not occupy a suf- 
ficient space on the retina. The power of a lens to accomplish these 
purposes, will obviously depend on its refractive power ; and this, 
(supposing the material of which the lens is made to remain the same) 
will depend on its increased sphericity, and diminished focal distance. 
Lenses of the smallest focal distance, therefore, other things being 
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equal, have the greatest magnifying power, and, therefore, spherules 
or perfect spheres, have the highest magnifying powers of all. When 
the radiant is situated in the focus of a lens, the rays go out paraHeL 
(Art. 895.) When thus received by the eye, they are capable of 
being brought to a focus by it, and of forming a distinct image. 
Hence, by means of a lens, an object may be seen distinctly when it 
is exceedingly near to the eye, provided it be situated in the focus of 
the lens. The magnifying power of a lens, therefore, depends on the 
ratio between its focal distance and the limit of distinct vision. The 
latter being five inches, a lens whose focal distance is one inch, by 
bringing the object five times nearer magnifies its linear dimensions 
m the same ratio, and its superficial dimensions in the ratio of the 
square. Thus in the case supposed, an object would appear five 
times.as long and broad, and have twenty five times as great a surface. 
Lenses have been made capable of afibrdmg a distinct image of very 
mmute objects, when their focal distances were only ^V ^^ ^^ ^^^' 
In this case, the magnifying power would be ^V * ^» which is as 1 
to 300, or as 1 to 9000 in surface. 

972. When, however, an object is so near to the eye, a very tninute 
space covers the whole field of vision, and It is only the minutest ob- 
jects, or the smallest parts of a body, that are visible in such micro- 
scopes. The extent of parts seen by a microscope is called the 
field of view, A microscope of small focal distance has a propor- 
tionally small field of view. Moreover, since, when the object is sO 
near to the lens, the rays of light strike the lens extremely diverging, 
only the central rays of each pencil can be brought accurately to a 
focus. The more oblique rays, therefore, must be excluded by cov- 
ering up all but the central portions of the lens, by which means the 
brightness of the image is diminished. The part of a lens through 
which the light is admitted, is called its aperture. The aperture of a 
lens of small focal distance and high magnifying powers, must of 
necessity be small, and one of the principal difficulties in the use of 
such microscopes, is the want of sufficient light. Hence nvcro- 
scopes of different focal distances are required for difierent purposes. 
Where we wish to view a large object at once, we must use a lens 
which has a large field of view, and of course but comparatively 
small magnifying powers. Such are the glasses used by watchma- 

VoL. n. 40 
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kers and other artists. Microscopes which magnify but little, but 
a^d a large field of view, are called magnifyers^ or magn^yi^ 
glasses. Such are the large lenses employed for viewing pictures. 
But for inspecting the minute parts of a small bsect, we require a 
much higher power ; and, the object being very small, a large field 
of view is not necessary. The only difficulty to be obviated is the 
want of light j and this evil is remedied, either by placing the object 
in the sun, or by condensing upon it a suU stronger light, by means 
of apparatus specially adapted to that purpose, which will be de- 
scribed hereafter.* 

973. Among the most distinguished achievements of philosophical 
artists, in our own times, has been the formation of microscopes out 
of the hardest precious gems, especially the diamond and the sojf- 
phire. The diamond seems to unite in itself almost every desirable 
quality for this purpose. It will be recollected that this substance is 
distinguished for its high refractive powers, its index of refraction 
being 2.439, while that of crown glass is only 1.530 (Art. 884.); 
hence a given refracting, and of course magnifying, power may 
be attained with a lens of less curvature, and consequently (Art 
898.) subject to less spherical aberratiouj than glass lenses of the 
same power. Indeed, it is estimated that the indistinctness arisbg 
from spherical aberration, is in a diamond lens only ^'^^th as great as 
in a glass lens of equivalent power. The sapphire has analogous 
properties, as also the garnet; and pure rock crystal (quartz) is much 
esteemed for refracting lenses ; but some of the pellucid gems are 
unsuitable for this purpose on account of their possessing the prop- 
erty of double refraction. The comparative curvatures and thick- 
nesses of three lenses of the same refracting power, made respec- 
tively of diamond, sapphire, and glass, are exhibited in the following 
diagrams. 



* A convenient pocket microscope is sometimes sold in the shops, 
consisting of a slide of ivory or horn, two or three inches in length, 
in which are set three or four lenses of different powers, adapted to 
various purposes. 
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Fig. 300. 





Glass. Sapphire. Diamond. 

Since, however, a diamond lens admits of being made much thin- 
ner than a glass lens of the same power, the loss of light by absorp- 
tion is far less (Art. 850.) and the brightness of the image is pro- 
portionally augmented. 

974. Another distinguished and valuable property of the diamond 
is that it combines with a high refractive, a low dispersive power. 
"By dispersive power it will be observed, is meant the power of 
separating the difierent colored rays, that is, of decomposing com- 
mon light into its prismatic elements. Hence, diamond lenses 
are naturally nearly achromatic^ or afford images which are des- 
titute of color. But while these favorable qualities were known to 
appertain to the diamond, which, taken in connexion with its great 
transparency and purity of structure, were observed to fit it admira- 
bly for microscopes of great magnifying powers, yet the extreme 
hardness of the substance^ seemed to render the difficulty of grind- 
ing it into the requisite shape almost insuperable. This difficulty 
has, however, within a few years, been completely overcome by Mr. 
Pritcbard, an eminent English arUst, who has constructed a number 
of diamond and sapphire microscopes, whose performances have 
equalled the most sanguine expectations. 

The following table exhibits the different magnifying powers of 
Pritchard's sapphire lenses, corresponding to different focal distances* 

Parts of an inch. Magnifying Power. 

Linear. Superficial. 

TIT 

* - - - 

T5 

1 

IV ' 

1 . 

To " 



100 


10,000 


160 


22,600 


200 


40,000 


300 


90,000 


400 


160,000 


600 


260,000 


600 


360,000 


700 


490,000 


000 


1,000,000 
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975, A drop of a transparent liquor may be eas'ily converted into 
a magnifier, constituting a Fluid Microscope. The simplest kind of 
fluid microscope is formed by drilling a small bole m a plate of bnss 
or lead, and applying to it a drop of water from the point of a pin. 
If the plate be hollowed out on both sides around the aperture, the 
water will spontaneously assume the shape of a convex lens. Water, 
however, possessing only a comparatively low refracting power, (Art 
884.) is less adapted to this purpose than several other fluids, partic- 
ularly certain transparent balsams and aromatic oib. Sulphuric acid 
and castor oil answer welJ, but turpentine varnish and canada balsam 
are preferred, especially because as they dry they become indurated, 
and form permanent microscopes. Instead of the aperture in a metal- 
lic plate above described, a small plate of glass may be employed, in 
which case it is only necessary to drop the varnish or balsam on the 
surface of the plate ; and it will assume the figure of a plano-coovex 
lens. The power of the microscope may be varied by employmg 
a larger or a smaller drop, or by suffering it to spread itself on the 
upper or on the under surface, since the curvature of the drop, and 
of course its focal distance, is modified by each of these ciitum- 
stances. 

976. The Perspective GtrAss, which is used for viewing pic- 
tures, afibrds another example of the application of the simple mi- 
croscope. It consists of a large double convex lens fixed in a frame 
in a vertical position, from the top of which, on the back side, pro- 
ceeds a plane mirror which is fixed at an angle of 45° with the hori- 
zon, and of course it makes the same angle with the lens. Pictures 
to be viewed are placed in an inverted position (that is, with the 
top towards the spectator,) on a table at the foot of the instrument. 
The mirror, being set at angle of 45° with the horizon, renders hori- 
zontal objects erect. (Art. 866.) Its office, therefore, is merely to 
give a proper direction to the rays of light from the picture as they 
enter the lens, causing them, in fact, to come to the lens in the same 
manner, as they would do were the mirror removed and the picture 
set up in a vertical position, parallel to the lens, at a distance from Uie 
lens equal to the length of any ray, measured from the picture to 
the mirror and from the mirror to the lens. (Art. 865.) Again, in 
order that the image may be erect, it is necessary that the picture 
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should be placed widi its top towards the obseirer ; for smee the 
image of every point in the picture is just as far behind the mirror as 
the point is before it, those parts of the picture which are designed 
to occupy the highest parts of the image must be farthest below the 
mirror. This will be understood from the folbwing diagram. 

AA, a convex lens fixed vertically 
ia a frame. 

BB, a plane mirror making with 
the horizon an angle of 45^. 

Cy an object placed horizontally 
upon the table, the upper part being 
towards the observer. 

The object will be reflected by the 
mirror into a perpendicular position, 
and its rays will, therefore, fall on the 
lens ip the same manner as they would 
were it actually situated perpendicu- 
larly, and no mirror were employed. 
Consequently, if the distance of C 
from the lens be equal to the focal dis- 
tance of the lens, the rays will come 
to the eye parallel, and a distinct and magnified image will be form- 
ed. If the distance be greater than the focus (as it may be ren- 
dered by depressing C to a lower level) then the rays will come to the 
eye converging, and the image will be more magnified but less dis- 
tinct. If the distance of C be less than the focus, the image will 
be less magnified, but it will be distinct within certain limits. The 
reasons of these several modifications, will be evident by reflectiQg 
on principles already expounded. 

When the glass is of good quality, and the picture executed agree- 
ably to the rules of perspective, the various parts are exhibited in 
their natural positions, and at their relative distances, so as greatly to 
improve the view. The greater distinctness of the parts and more 
natural distribution of light and shade than what attends the naked 
view, is owing not only to the increased magnitude and to the great- 
er quantity of the light emitted from the picture which is coUected 
by the lens and conveyed to the eye, but also to the separation of 
this portion of light from that which proceeds from various other ob- 




S18 OPTICS. 

jects. The lens both conveys more of the light of die picture to 
the eye than would otherwise reach it, and it convejrs it unmtn^ 
with extraneous light. The importance of the latter circumstance 
is manifested even by lookmg at the picture through an open tube, 
through the hand so curved as to form a tube. 

077. The microscopes hitherto examined are such as are dengo- 
ed to be interposed between the eye and the object to be viewed, 
the latter being placed in the focus of parallel rays of the lens, or a 
little nearer to the lens than that focus, so that the rays of the same 
pencil may come to the eye either parallel or with so small a degree 
of divergency, that the lenses of the eye shall be competent lo make 
them converge and form an image on the retina. In this case, as 
the rays come to the eye in the same manner as rays from larger 
objects, at a greater distance, seen without the aid of a lens, die po- 
sition of the object is not changed, that is, it is seen erect. Sii^e 
microscopes, however, are also empbyed to form a magnified image 
on a wall or screen, which is seen by the eye instead of the oigect 
itself. Two celebrated instruments, the Magic Lantern and the Sdar 
Microscope, magnify dieir objects in this manner, in the construction 
of which the principles under review are happily exemplified. 

978. From what has been already learned respecting lenses, the 
following points will be readily comprehended, being for the most part 
a recapitulation of principles already explained and demonstrated. 

If, in a dark room, we place before a convex lens any luminous 
object, as a candle, we shall observe the following phenomena. (See 
Art 896.) 

1. If the radiant be placed nearer to the lens than its focus, since 
the rays will go out diverging, no image will be formed on the other 
side of the lens. 

2. Even when the radiant is in the focus, so that the rays go out 
parallel, they never meet in a focus, and of course never form an 
image.* 



* It will be remarked, that when the single microscope is used as 
an eye glass, the eye itself brings the parallel rays to a focus and 
forms the image. 



HICBOSCOPES. 819 

3. But when the radiant is farther from the leos than its focus, the 
rays converge on the other side, those of each pencil, proceeding 
from the same point in the object, being accurately united in one 
point in the image, and occupying that point alone, without the inter- 
ference of rays from any other point. 

4. The axes of the rays from the extreme parts of the object 
cross each other in the center of the lens. Hence they form an 
ima^e inverted with respect to the object; and, although the rays 
which make up any individual pencil are made to converge by the 
lens, yet the axes (which determine the magnitude of the picture) 
diverge from each other after crossing at the center of the lens, and 
hence the image is greater in proportion as it is formed at a greater 
distance from the lens. When the object is only a little farther off 
from the lens than its focus, the image is thrown to a great distance, 
and is proportionally magnified. As the object is separated farther 
from the lens (which may be effected either by withdrawing the object 
from the lens or the lens from the object) the image is formed at a less 
distance, and is of a diameter proportionally less. (See Art. 896.) 
Suppose now that we employ a magnifier of so small focal distance, 
that when the object is placed within one tenth of an inch of the 
lens, the image is formed on the other side upon a screen or wall at 
the distance of twenty feet ; the object will be magnified in the ratio 
of j\ to (20X12=) 240; that is, the image will be 2,400 times 
greater than the object in diameter, and 5,760,000 times greater in 
surface. It would seem, therefore, as if nothing more were neces- 
sary in order to form magnified images of objects than a dark room, 
a convex lens, and a screen or wall for the reception of the picture. 
It must be remarked, however, that when the light which proceeds 
from the object is diffused over so great a space, its intensity must be 
greatly diminished, so as to be either incapable of affording a picture 
which shall be visible at all, or at least sufficiently bright for the pur- 
poses of distinct vision. This difficulty is remedied by illuminating 
the object ; and it is for this purpose, that most of the contrivances 
employed in the magic lantern and solar microscope are designed. 

979. The Magic Lantern consists of a large tin canister either 
cylindrical or cubical in its figure, having an opening near the bottom 
into which air jnay enter freely to supply the lamp, and a chimney 
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proceediog from the top and beat orer so as to prerent tbe Eght of 
the lamp from sbiiiiDg into the room. The laDtem has a door in tlie 
nde which shuts close, the object being throughout to [H-ereat anjr 
light from escaping into the room except what attends fhe picture. 
The room itself is made as dart as possible ; or, what is better, the 
experiment are performed by night. In front of the lantern is fixed 
« large tube, at the open end of which is placed the magnifying lens. 
In the same tube, at a distance from the lens somewhat greater 
ihan the focal distance, the object is introduced, which is usually 
aome figure painted on glass in tnmsparant colors, the other parts of 
tbe glass being blackened so that no light can pass through except 
that which falls on the object and iUnminates it, by which means we 
shall have a luminous image projected on a black ground. For iUa- 
minating the object, an argand lamp is placed near the center of tbe 
lantern, the light of which is concentrated upon the object io two 
ways ; firat, by means of a thick lens, usually plano-convex, so nto- 
ated between the lamp and the object that the rays which diverge 
from the lamp shall be collected and condensed upon the object; 
and, secondly, by means of a concave reflector situated behind die 
lamp, which serves a similar purpose. 



Fig. 302. 




A, the magnifying lens. 

B, the object, introduced through an opening in the tube. 

C, the condensing lens. 

D, tbe lamp. 

E, the concave mirror. 

F, tbe image thrown on a screen, or a white wall, iu a dark room. 



MICAOSCOPES. ^t 

ct, a thumb-piece, by which the magnider may be made to approach 
or to recede from the object, and thus the image be thrown to a 
greater or less distance, according to the magnitude required. As 
the image is invested with respect to the object, it is only necessary 
to introduce the object itself in an inverted position, and the image 
will be erect. 

The objects employed in the Magic Lantern are very various, ccm- 
sisdng of figures of men and animals; of caricatures; of repre- 
sentations of the passions ; of landscapes ; and of astronomical dia- 
grams. When the last are employed, this apparatus becomes sub- 
servient to a useful purpose in teaching astronomy, and is frequently 
so employed by popular lecturers on that subject. 

980. The Solar Microscope does not dif!er in principle from 
die Magic Lantern, only the object is illuminated by the concentra- 
ted light of the sun instead of that of a lamp. And since a power- 
ful illumination may thus be effected upon minute objects placed be- 
fore a magnifier of great power, the solar microscope is usually em- 
ployed to form very enlarged images of the most minute substancesi 
as the smallest insects, the most delicate parts of plants, and other 
attenuated objects of natural history. For magnifiers, several of 
different focal distances are employed, varying from an inch to the 
yV or -§0 of an inch, it being understood that those of the short- 
est focus and greatest magnifying powers can be used only for the 
minutest objects, since, when bodies of a larger size are brought so 
near a small lens, their light strikes the lens too obliquely to be trans- 
ttiitted through it. The magnifying lens is fixed into the mouth of 
Si tube and the object placed near its focus, much in the same man- 
ner as in the magic lantern ; but instead of the body of the lantern 
(which contains the illuminating apparatus) a mirror, about three or 
four inches wide, and from twelve to eighteen inches long, is attach- 
ed to the other end of the tube. This mirror is thrust through an 
opening in the window shutter of a dark room, and the mouth of the 
tube to which it is fixed is secured firmly to the shutter, so that the 
mirror is on the outside, and the tube with its lenses is on the inside 
of the shutter. By means of adjusting screws, the mirror is turned 
in such a way as to direct the sun's rays into the tube, where they are 
received by one or more of the lenses, called condensers, which col- 

VoL. II. 41 
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lect them and concentrate them upon the object, which thus becomes 
highly illuminated, and capable of affording an image sufficiently bright 
and distinct, though magnified many thousands or even millions of 
times. It will be observed that the magnitude of the image depend? 
here, as in other cases of the simple microscope, upon the ratio be- 
tween the distances of the object and the image from the center of the 
magnifier. If, for example, the object be within the tenth of an inch 
of the lens, and the Image be thirty feet, or three hundred and sixty 
inches from it, then the image will be 360 X 10=3600 times as large 
as the object in diameter, and (3600) « = 12,960,000 times in sur- 
face. With a given lens, the size of the image depends wholly on 
the distance to which it is tlirown ; that is, on the distance of the 
wall or screen where it is formed. 

981. When the solar microscope is well constructed, it affi)rds the 
most wonderful results, and greatly enlarges our conceptions of the 
delicacy, perfection, and subtilty of the works of nature. In in- 
specting vegetables^ the eye is delighted with the regularity and 
beauty which characterizes the texture and intricate structure of 
plants and flowers. The most delicate fibres of a leaf, the pores 
through which the vegetable fluids circulate, the downy covering of 
plants, and foliage, as of certain mosses, which is too minute to dis- 
close its figure to the naked eye, — objects of this kind, when expand- 
ed under the solar microscope, astonish and delight us by the sym- 
metry of their structure. Their appropriate colors are not so well 
exhibited by this instrument, as by some other forms of the micro- 
scope to be described hereafter. In the animal kingdom, the solar 
microscope extends the range of vision in a manner no less surprising 
and instructive. The minutest insects we are acquainted with, are 
exhibited to us as animals of the largest size, and often of monstrous 
shapes, from the muhiplicity of their parts and apparent disproportion; 
and animalcules, or those members of the animal creation which are 
• too minute to be seen at all by the naked eye, are suddenly brought 
into life in coundess numbers. The forms, the motions, and the 
habits of these beings, are among the most curious revelations of the 
solar microscope. The drculaiion of the blood may be seen in the 
fins of fishes and other transparent parts of animals, presenting a very 
curious and interesting spectacle. The crystallization of salts, which 
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may be exhibited while the crystals are forming and arrao^Qg them- 
selves, (as many of them do with great precision and symmetry,) ia 
among the finest representations of this instrument. 

Since the light is transmitted through die object, it will of count 
be understood, that only such objects as are trantparent can be em- 
ployed in the manner already described. In some varieties of the 
solar microscope, there are special contrivances for exhibiting opakt 
objects by means of rejected light. 



Fig. 303. 



982. If we form an image of an object with the ^ngle microscope, 
(as is done in the magic lantern and solar microscope,) if that image 
is not too large, we may obviously apply to it a magnifier as we would 
to an original object of the same size. This is the principle of the 
Compound Microscope. 

The CoupooND Mickoscope coDaists of at least two convex 
lenses, one of which, called tbe tUgect-glats, is used to form an en- 
larged image of the object, and the other, called the et/e-glau, is 
used to magnify the image still farther. 

Thus, let ab (Fig. 303.) be the object, bemg 
placed a little farther from the object glass, ed, 
than the principal focus, the rays of light ema- 
nating from it will be collected on the other 
side of the lens and form an image, gh, whose 
diameter is as much larger than that of the ob- 
ject as its distance from tbe lens is greater. 
(Art. 896.) Let efhe the eye-glass, which 
must be placed at such a distance from the 
image, that the latter shall be in the focus of 
parallel rays ; then the rays proceeding from 
the image will go out parallel,*' and come to 
the eye, situated behind the glass, in a state fa- 
vorable for distinct vision. 




* It ia to be remarkect here and in all similar cases, that it is only 
tbe raya of each, indimdual pencil that are paralleU that is, those rays 
which come from the same point in the object. The rays of differ- 
ent pencils may cross each other varioUBly, and the different penoUs 
may converge or diverge among themselves ; still if the rays of eacb 
pencil be parallel to one another, the vision will be distinct. 
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983. The fnagntfying power of the Compound Microscope is es^ 
tiinated as follows. First, the diameter of the image will be to that 
of the object as their respective distances from the lens. Secondly, 
the ime^e is magnified by the eye-glass according to the principles of 
the single microscope, (Art. 971.) namely, from the ratio of its focal 
distance to the limit of distinct vision. Thus, suppose the image is 
formed at ten times the distance of the object ; it will of course be 
magnified ten times. Again, suppose the eye-glass has a focal dis- 
tance of one inch, the limit of distinct vision being five inches ; the 
image will be farther magnified five times ; by both glasses, therefore, 
the object will be magnified fifty times. If the first ratio be that of 
one to one hundred, then the instrument will magnify the linear di* 
mensions five hundred times, and the surface two thousand five hun* 
dred times. From this double magnifying process, it might be sup- 
posed that, by means of the compound microscope, it would be 
easy to attain a much higher magnifying power than by the angle 
microscope ; but this is not the fact, for, in the first place, we cannot 
form an image of a size beyond certain moderate limits, without 
making it too large for the eye-glass to cover ; or, if an eye-glass of 
very large field of view be employed, its focal distance must be great, 
and consequently its magnifying power small. We are, therefore, 
unable to employ so high a magnifier for our object-glass as we may 
apply to the naked eye, and we can employ only a microscope of 
still inferior power for our eye-glass. 

984. On account of the necessity of using a large eye-glass to 
view the magnified image, compound microscopes require to have 
the tube which contains the glasses, larger towards the eye-glass than 
towards the object-glass. Sometimes the magnifiers are contained 
in a box of pyramidal shape, the reason of which is obvious. Of 
the latter figure is the Lucernal Microscope^ a variety of the com- 
pound microscope which admits of being used with the light of a 
lamp instead of day light, and is furnished with a reflector and a con- 
densing lens by ono or the other of which the light of the lamp may 
be concentrated upon the object. The lucernal microscope is fur- 
nished with a piece of ground glass, upon which the image may be 
received as upon a screen. The object being illuminated by a lamp, 
and the image being seen in a dark room, this arrangement is very 
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conveDient for drawing insects, flowers, &c. Although the com- 
pound does not possess higher magnifying powers than the simple mi- 
croscope, yet it commands a much greater field of view. We view 
the image with the eye-glass in the same manner as we view the ob- 
ject with a single microscope ; but having already a magnified rep- 
resentation of the object, we have no occasion to apply to the eye so 
high a magnifier, and therefore we may employ one of greater focal 
distance which consequently takes in a greater field of view. The 
field of view is still farther improved in some compound microscopes 
by interposing a fidd glass, which is a convex lens introduced be- 
tween the object-glass and the place of the image, and near the lat- 
ter (as a little below gh. Fig. 303,) the efiect of which is to di- 
minish the divergency of the pencils of rays, and thus to bring 
into the range of the eye-glass those pencils, which would otherwise 
diverge too much to fall within it. It has been before remarked that 
the cornea performs a similar office for the crystalline lens of the eye* 
(Art. 968.) 

985. Instead of employing a convex lens for the purpose of form- 
ing an image of the object, we may use a concave mirror fw the 
same purpose. On this principle are constructed Reflecting Mi^- 
OROSCOPES. The object being placed before the mirror at a distance 
a little greater than the focal distance, a magnified image will be form- 
ed on the other side of the center, as in Fig. 264. To this image 
we may obviously apply an eye-glass in the same manner as in the 
common compound microscope. Reflecting microscopes are sup- 
posed to have some advantages over the refracting, but they have 
not come into general use. By making the concave reflector of an 
parabolic figure, spherical aberration is prevented, (Art. 861.) and 
reflectors are not liable, like lenses, to form colored images in conse- 
quence of the decomposition of the light into its prismatic rays, cal- 
led chromatic aberration. These difficulties, however, when they 
occur admit of being obviated by peculiar contrivances, which will 
be more particularly described in connexion with telescopes. 

986. Dr. Brewster gives the following rules for making micro- 
scopic observations. 
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1. The eye should be protected from all extraneous li^ aod 
should not receive any of the light which proceeds from the iUumio- 
atmg center, excepting what is transmitted through, or is reflected 
from the object. 

2. Delicate observations should not be made when the fluid wUdi 
lubricates the cornea is in a viscid state. 

3. The best position for microscopical observations, b when tbe 
observer is lying horizontally on his back. This arises from die 
perfect stabiliQr of his head, and from the equality of the lubricaiiDg 
film of fluid which covers the cornea. The wcMrst of all positiaiis is 
that in which we look downwards vertically. 

4. If we stand straight up and look horizontally, parallel markings 
or lines will be seen most perfectly when their direction is vertical; 
viz. the direction in which the lubricating fluid descends over die 
cornea. 

5. Every part of the object should be excluded, except that which 
is under immediate observation. 

6. The light which illuminates the object should have a very smaD 
diameter. In the day time, it should be a single hole in the window 
shutter of a darkened room, and at night an aperture placed beCore 
an argand lamp. 

7. In all cases, particularly when high powers are used, the natu- 
ral diameter of the illuminating light should be diminished, and its 
intensity increased, by optical contrivances.* 

987. The microscope is sometimes employed to form images for 
the purposes of drawing. In this manner landscapes are represented, 
objects of natural history are delineated, and artificial pictures are 
reduced and copied. The two instruments particularly employed 
for this purpose are the Portable Camera Obscura and the Camera 
Lucida. 

988. The Portable Camera Obscura, which is used chiefly 
for delineating landscapes, consists of a wooden box, (answeriDg to 
the dark chamber, Art. 955.) with which is connected a convex lens 



* Brewster's Optics, 346. 
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Fig. 304. 



BO exposed to the landscape as to receive the rays of light from the 
nrious objects in it, and form a picture of them on a screen placed 
within the box at the focal distance of the lens. Such is a geDcral de- 
scription of the instrument, of which there are several di^rent forms. 
The following diagram represents a common convenient form. 

ABCD, a box usuaUy made of thin 
pieces of mahogany. 

ad, a ptaoo-coDvex lens, this form 
being preferred because it has less aber- 
tatioD than a double convex. (Art. 898.) 

ED, a plane mirror, luming on a binge 
at D, and capable of being raised or low- 
ered, so as to admit more or less of the 
landscape. 

be, A piece of pasteboard, covered 
with a sheet of fine white paper and 
bent so as to form a concave screen, 
and placed at (he focal distance of the 
lens. A casting of stucco, of the figure 
of a concave portion of a sphere, a&rds 
the most perfect picture. 

The rays of light from external objects, falling upon the mirror ED 
are conveyed to the lens in the same manner, as though they came 
directly from objects at the same distance behind the mirror. Pass- 
ing through the lens, they are brought to a focus and form a picture 
of the landscape on the screen, which may be viewed by an opening 
in the side of the box at F, and may he copied by a hand introdu- 
ced into the box by an opening below. 

Although the image is inverted with respect to the objects, yet as 
the spectator, in looking into the box, stands with his hack to the land- 
scape, the picture appears erect 




989. The Cauera Ldcida is an instrument of more recent ori- 
^, having been invented by the late Dr. Woilaston. It consists of 
a prism so contrived that its surfaces, by their reflecting properties,* 



* It will be observed in the following illustration, that the rays of 
light strike the surfaces of the prism at such an angle as to undergo 
total reflexion. (Art. S83.) 




^ve ibe proper direciJOD to the rays of liglit, &nd finally projeci an 
image of the object in a coovenieat poution for copying, as is repre- 
seated in the foUowing diagram. 

A6CD is a glass prism, ^ig. 305. 

haviag the angle at A 90°, 
the angle at D 67j'=', the an- »! 
gle at C 135°. In taking an 
observation, the prism is set 
with the side AD parallel to 
the object M. A ray of light 
ND falling perpendicularly 
upon AD su£Fers no refrac- 
tion, but proceeds on to the 
second surface DC, where it 
makes with DC, an angle of 
22 J°, (the complement of the 
angle at D.) Of course the angle CGH is 22J°, and these two 
angles, subtracted from 180°, leave N6EI=135°. Again, sioce 
GCH=1360, and CGH=22j°, therefore CHG and BHE each 
equal 223°, and therefore GHE=135°. Produce NG till it meets 
HM' in I; then the angles IGH and IHG will be severally 45°, and 
consequently HIG (which is the angle made by the incident and 
emergent rays) will be 90°. Therefore, the perpendicular object 
MN* will appear to the eye on a horizontal plane at M', as far be- 
hiud the reflecting surface as M is before it. (Art. 865.) Now if 
the prism is so formed, that ibe emei^ent rays shall be very near 
the angular point B, the eye may take in at once the image and the 
paper on which it is projected, seeing the former through the prism 
and the latter by direct vision; and thus the image may be very per- 
fectly sketched. This beautiful instrument is usually mounted in a 
case, and has various appendages which severally conlributs to its 
utility, but we aim only to convey an idea of its principle.* 



• For a more extended deacriplion of the Camera Lucida. see Nich- 
olson's Phil. Journal, and Tilloch's Phil. Magazine, for 1807. 
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CHAPTER X. 



OF TELESCOPES. 



990. The Telescope is an optical instrument^ designed to aid the 
eye in viemng distant objects.* 

The construction of this noblest of instruments, in its different 
forms, involves the application of all the leading principles of the 
science of Optics. The study of the Telescope is therefore the 
study of the science, and a distinct enunciation of the principles in- 
volved in it, will serve as a recapitulation of the most useful princi- 
ples of Optics. The advantage which the student will derive from 
reviewing these points, as exemplified in their application, will justify 
us in bringing up distinctly to view various principles already unfol- 
ded. 

991. The leading principle of the Telescope may be thus enun- 
ciated : 

Sy means of either a convex lens^ or a concave mirror j an image of 
the object is formed^ which is viewed and magnified with a microscope. 

The most general division of the instrument is into Refracting and 
Reflecting Telescopes ; of which the former produce their image by 
means of a convex lens, and the latter by means of a concave mirror. 
The instrument, according to the uses to which it is applied, receives 
the farther denominations of the Astronomical and the Terrestrial 
Telescope ; and also Telescopes are named, after their several in- 
ventors, Galileo's, Newton's, Gregory's, Herschel's, 8tc. 

The Astronomical Telescope. 

992. We begin with this variety because it is one of the most 
simple, and because in connexion with it, we may convenientiy study 
the theory of the instrument at large. 



* rriKe, at a distance, (rxocrgw, to see. 
Vol. IL 42 
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The AstroDomical Telescope has essentially but two glasses : these 
are usuaUy fixed in a tube of brass, one at one end, and the other 
at the other end. The glass at the end of the tube which is direct- 
ed to the object, is called the object glass^ and that at the end to 
which the eye is applied, is called the eye glass. The object glass 
is a convex lens which forms an image of a distant object, as a star, 
in its focus of parallel jrays, and the eye-glass is a microscope with 
which we view the image, at a distance equal to its focus of parallel 
rays. Of course, the distance of the two glasses from each other is 
equal to the sum of their focal distances. See the annexed figure. 

Fig. 306. 




MN, object glass. 
PQ, eye glass. 

A'D', AD, A^D", parallel rays from the top of the object. 
B'D^ BD, B^'iy, « " « center ditto. 
C'D^CD, C^'D^ « « « bottom ditto, 
fta, inverted image formed in the focus of parallel rays. 
6PF, a pencil of rays, proceeding from the top of the object to ibc 
eye glass and rendered parallel. 

cKF, a similar pencil from the center. 
oQF, ditto the bottom. 

F, point where the different pencils cross the axis. 

993. In this instrument we observe a striking resemblance to the 
Compound Microscope. (Fig. 303.) In the microscope, however, 
since the object is nearer than the image, the image is greater than 
the object ; but in the telescope, since the object is removed to a 
great distance, the image is formed much nearer to the lens than the 
object, and is proportionally smaller. Hence, Compound Micro- 
scopes have their tubes enlarged in diameter towards the eye glass, 
while telescopes have their tubes diminished in that direction. Since 
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the vertical angles at D, subtended on the one side by tbe object, and 
on the other by the image, are equal, were the eye situated at the 
cebter of the object glass, it would see the object and the image 
under the same visual angle, and consequently, both would appear 
of the same magnitude. Moreover, were the eye placed at the 
same distance from the image on the other side of it, it would be ap* 
parently of the same size as before and therefore of the same appa-» 
rent diameter as the object. But by means of a microscope, such 
as the eye glass in fact is, we may view it at a much nearer distance, 
and of course magnify it to any extent, as was fully shown in explain- 
ing the principles of the simple microscope. (Art. 971.) Hence 
the magnifying power of the telescope depends on the ratio between 
the focal distances of the object glass and the eye glass. If, as in 
the figure, the common focus is ten times nearer the eye glass than 
the object glass, the instrument will magnify ten times ; if one hun- 
dred times nearer, one hundred times ; and so in all other cases. 
Hence we may increase the magnifying power of the instrument, 
either by employing an object glass of very small curvature, which 
throws its image to a great distance, or an eye glass of high curva- 
ture and small focal distance. Suppose, for example, the object 
-glass has a focal distance of forty feet, or four hundred and eighty 
inches, and the eye glass has a focal distance of one tenth of an inch, 
then the magnifying power of this instrument would be four thou- 
sand and eight hundred in diameter, and the square of this number 
in surface. 

- 994. As the sphericity of the eye glass may be increased indefi- 
nitely, and its focal distance diminished to the same extent, it would 
^em possible to apply very high magnifying powers in veiy short 
.telescopes. For example, suppose the focal distance of the object 
glsCss is twenty four inches ; by using a microscope of yV of an inch 
focus, we have a power of two hundred and forty. But it must be 
l^pt in mind, that such microscopes command only an exceedingly 
l»nall field of view, and would, therefore, not enable us to see any thing 
itiore than a minute portion of an object of any considerable size ; 
and not sufficient light would be transmitted through such an aper- 
ture to answer the purpose of vision. — Since the image is inverted 
with respect to the object, and is viewed in this situation by the eye 
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glass, objects seen through Astronomical Telescopes appear inverted. 
By the addition of several more lenses, they may be made to ap- 
pear erect, as will be shown in the description of the Day Glass, or 
Terrestrial Telescope ; but at every new refraction a certain portioa 
of light b extbguished, a loss which it is important to avoid in in- 
struments designed to be used at night ; while, in regard to celestial 
dbyects, it is not essential whether they are seen erect or Inverted. 

The place for the eye to view the image with the best advantage 
is at F, where the pencils of parallel rays meet. 

995. The difficulties to be overcome in the construction of a per- 
fect Refracting Telescope, (some of which are very formidable) are 
chiefly the following : 1. Spherical aberration ; 2. Chromatic aber- 
ration ; 3. Want of sufficient light ; 4. Want of a field of view suffi- 
ciently ample ; 5. Imperfections of glass. Each of these particulars 
we will briefly consider. 

996. Spherical aberration^ it will be recollected, occasions indis- 
tinctness in images formed by lenses, in consequence of the different 
rays of the same pencil not being all brought to a focus at the same 
point, those which fall upon the extreme parts of the lens being more 
refracted and coming to a focus sooner than those which are nearer 
to the axis. (See Art. 897.) The amount of this error is found to 
depend on two circumstances, namely, the diameter of the lens, or 

'what is technically called its aperture,* and its focal distance, m- 
creasing rapidly as the aperture is increased, and diminishing as the 
focal distance is increased, f Small apertures and flat or thin lenses 
are^ therefore^ most free from spherical aberration. But if we use 
small apertures we cannot have a strong light, which is a circum- 

* The aperture, strictly speaking, is the diameter of that part of 
the lens through which, in a given case, light is admitted, whether it 
be the whole surface or only a part of it. 

t It is found by opticians, that the longitudinal aberration of 
lenses, increases as the square of the aperture, with a given curva- 
ture, and is inversely as the focal distance, with a given aperture, and 
that the lateral aberration increases as the cube of the aperture, with 
a given radius, or inversely as the square of the radius with a given 
aperture. 
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stance of the greatest importaDce in astronomical observationsi since 
it is of little consequence to enlarge the dimensions of an object if 
we have not light enough to render it visible. Indeed, many astro* 
nomical objects, as small stars, are rendered visible by the telescope 
not in c<Hisequence of any apparent increase of size, but because this 
instrument collects and conveys to the eye a much larger beam of 
light from them than would otherwise enter it. While the diameter 
of the beam which falls upon the naked eye is only the fraction of an 
inch, that collected by the telescope may be several inches, or even 
several feet, according to tlie size of the instrument. Hence the 
advantages of large apertures is obvious. Again, we cannot wholly 
remedy the error in question, though we may diminish it by using 
very flat lenses which have great focal distances ; but the tendency 
of this expedient is to render the instrument inconveniently long. 
Other expedients, therefore, become necessary for correcting spher- 
ical aberration in refracting telescopes. 

997. In the eye glasses, which are liable to the same difficulty, 
where the lens has a great curvature, as is the case with such as have 
high magnifying powers, the aperture is necessarily reduced very 
much, by excluding all the light except what passes through the cen- 
tral parts of the lens. At least this is the case where glass lenses 
are used. But the microscopes made of diamond, sapphire, and 
other gems, have not only high refractive powers, but are less sub- 
ject to spherical aberration than similar lenses of glass. Art. 973. 
Thus, if three lenses were ground in the same tool, one of plate 
glass, one of sapphire, and the other of diamond, their respective 
magnifying powers and aberrations would be as follows :* 

Magnifying power. Longitudinal aberration. 

Glass, ... 150 - - 1.167 

Sapphire, - - - 260 - - - 1.005 

Diamond, - - - 400 - - 0.950 
This difference in aberration will be much greater if the lenses 
be so formed as to give the same magnifying powers ; for then the 
diamond and sapphire lenses may be made so much thinner, as great- 
ly to reduce the aberration. 



^ The figure of the lens is supposed to be plano-convex, the con- 
irex aide being turned towards parallel rays. 
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But although eye pieces, on account of their small sise, may 
sometimes be made of the precious gems, yet this can rarely be die 
case on account of the great expense attending them. It is obvioas 
also that they cannot be employed for the object lenses. The mo8t 
successful method of diminishing spherical aberration in eye piecei 
of glass, is by a combination of plano-convex lenses, by means of 
which a given refracting power may be attained with far greater d»- 
tinctness than by a single lens of the same power. Thus, when tiro 
plano-convex lenses are placed as in Fig. 307, it is found that the 
image has four times the distinct- 
BOSS of a double convex lens of ^^\ ^ * 

equivalent power.^ Here F is 
a l^is which would bring the G^:;'^' h< 
parallel rays to a focus and form 
the image at the distance of 6; 
but E is another similar lens, which, receiving them in a converging 
state, makes them converge more and come to a focus at H. The 
double convex lens D, would do the same, but with much greater 
spherical aberration. It appears, indeed, that the spherical aberra- 
tion may be wholly removed by combining a meniscus with a doubk 
convex lens of certain curvatures, f 

998. In object glasses, which, on account of their smaller curva- 
tures, are not so subject to error from spherical aberration as eye- 
glasses are, the most advantageous form is that of a double convex 
lens of unequal curvatures, the radii of the opposite surfaces being 
as one to six, (Art. 898.) and the flat side being turned towards the 
parallel rays. 

In short it appears, that in order to avoid the errors arising from 
spherical abberration, in large lenses, they must be made as thin as 
convenience will permit ; that where it is practicable, they may be 
most advantageously formed of the precious gems, particulariy the 
diamond ; that a plano-convex lens with its convex side towards the 
parallel rays has less aberration than a double convex lens of equiv- 



* The Scioptic Ball, used in the camera obscura, (Art 956.) is 
formed of two such lenses. 

t See Brewster's Optics, p. 58, or Herschel on Light, Sec. 316. 
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tfem power; that two plano-convex lenses may be so combined as to 
hare only i as much aberration as the double lens, and a meniscus 
may be so miited to a double convex lens as wholly to prevent aber- 
ration ; and finally, that the aberration may be reduced to a very small 
OTior simply by employing a double convex lens whose curvatures 
OQ the oppoate sides are as 1 to 6. 

Since lenses having the curvature of one of the conic sections are 
free firom spherical aberration, Sir Isaac Newton ground an object-* 
^bu» into the figure of a paraboloid. This was free from the error in 
question, but involved another still more formidable, since it decom- 
posed the light and gave an image tinged with the colors of the 
rainbow. On observing this, Sir Isaac pronounced the farther im- 
provement of the refracting telescope to be hopeless, and betook 
himself to exclusive efibrts for improving the reflecting Telescope. 
But the combined ingenuity of philosophers and artists, has nearly 
overcome tfab error also. 

999. The next difficulty therefore to be considered is that which 
arises from the separation of the prismatic colors, in consequence 
of the difiEerent refrangibility of the different rays, an error which is 
called Chromatic Aberration. 

The general principles of Chromatic Aberration, will be readily 
comprehended by calling to mind, that distinct images are formed 
only when the rays of the same pencil which flow from any point in 
the object are collected into one and the same point in the image, 
unmixed with rays from any other point ; that the prismatic rays 
whjch compose white light have severally different degrees of re- 
frangibility, some being more turned out of their course than others, 
in passing through the same medium ; that, consequently, the dif- 
ferent colored rays of the same pencil would meet in different points, 
each set of colored rays forming its own image, but all these ima- 
ges becoming blended with one another, and thus composing a confu- 
sed, colored picture. 

To illustrate these prin- Fig. 308. 

ciples let LL be a lens of j^ 

crown glass, and RL, RL, 
rays of white light incident R 

upon it, parallel to its axis j^ 

Rr. Let the extreme vio- 
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ki rays whose index of refraction is 1.54666, be refracted so as to 
meet the axis in v; then the extreme redj whose index of reiractioD 
18 only 1.5258, will meet the axis at some point more distant from the 
lens as at r. Cv and Cr are the focal distances of the lens for the 
▼iolet and the red rays respectively. The distance vr is the chro- 
matic aberration, and the circle whose diameter is ab, which passes 
through the focus of the mean refrangible rays at o, b called the dr- 
de of least aberration. 

1000. These effects may be shown experimentally by exposing 
the lens LL, (Fig. 308.) to the parallel rays of the sun. If we re- 
ceive the image of the sun on a piece of paper placed between o and 
C, the luminous circle on the paper will have a red border, because 
it is a section of the cone La iL, the exterior rays of which La, 
L&, are red ; but if the paper is placed at any greater distance than 
o, the luminous circle on the paper will have a violet border, because 
it is a section of the cone I'abl'j the exterior rays of which a2', U* 
are violet, being a continuation of the violet rays Lv, Lv. As the 
Sfdierical aberration of the lens is here combined with its chromatic 
aberration, the undii^uised effect of the latter will be better seai by 
taking a large convex lens LL, and covering up all the central part, 
leaving only a small rim round its circumference at LL, through 
which the rays of light may pass. The refracdon of the differently 
colored rays will then be finely displayed by viewing the image of the 
sun on the different sides of ai. 

It is clear from these observations, that the lens will form a violet 
image of the sun at v, a red image at r, and images of the other col- 
ors of the spectrum at intermediate points between r and t^ ; so that 
if we place the eye behind these images, we shall see a confused 
image possessing none of that sharpness and distinctness which it 
would have had if formed only by one kind of rays.* 

The separation of white light into its prismatic colors, is called 
Dispersion ; and the comparative power of effecting this separation, 
possessed by different media, is called the Dispersive power. The 
dispersive power is measured by the ratio which, in any case, the 
separation of the red and violet rays bears to the mean refraction 

* Brewster's Optics, p. 79. 





Dis. Power. 


Plate Glass, 


0.032 


Sulphuric Acid, 


0.031 


Alcohol, 


0.029 


Rock Crystal, 


0.026 


Blue Sapphire, 


0.026 


Fluor Spar, 


0.022 
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of the compound ray. Thus if a ray of solar light on passing 
through a lens, is turned out of its original direction 27^, and the red 
and violet rays are separated from each other l^,then the dispersive 
power is said to be ^\j which is usually expressed in the form of a 
decimal fraction, .037 =7'^. 

1001. Different bodies possess different dispersive powers. 

The dispersive powers of a few of the most important substances 
m reladon to the subject before us, are exhibited in the following 
table. 

Dispersive Power. 

Oil of Cassia, 0.139 

Sulpburet of Carbon, 0.130 
Oil of Bitter Almonds, 0.079 
Flint Glass, 0.052 

Muriatic Acid, 0.043 

Diamond, 0.038 

Crown Glass, (green,) 0.036 

From this table it appears, that the transparent substances which 
have the highest dispersive power, are the oil of cassia and the sul- 
pburet of carbon, both of which j9uids have been made to perform 
an important- service in the construction of achromatic telescopes ; 
that flmt glass, as that used for decanters, has a much higher disper- 
sive power than crown glass, or that which is analogous to window 
glass ; that the diamond has a low dispersive power, but is exceeded 
in this respect by rock crystal, the sapphire, and j9uor spar, which 
last bodies have the least dispersive power of any known substances. 

1002. With these facts in view, we may now inquire hy what means 
the object glass of the Telescope is rendered achromatic. 

If we place behind LL (Fig« 308.) a concave lens GG of the 
saine glass, and having its surfaces ground to the same curvature, 
such a lens having properties directly opposite to those of the con- 
vex lens will neutralize its effects. Consequentiy, the rays which 
were separated into their prismatic colors by the convex lens will be 
reunited by the concave lens, and reproduce white light. But though 
such a combination of the two lenses will correct the color, yet it also 

Vol. n. 43 
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destroys the power of the convex lens to form an unage, on which 
ks use solely depends. Could we find a concave lens which wouki 
correct all the color and yet not destroy this refracting power, the 
two lenses would evidently form the achromatic combination sought 
for. Now this is what is actually done : by making the concave lem 
of a substance which has a higher dispersive power than that of which 
the convex lens is made, the curvature of the concave lens will not 
need to be so great as that of the convex lens, and of course the two 
together, constituting the compound lens, will be equivalent in refract- 
ing power to a siugle lens, whose convexity is equal to the di£brence 
of their curvatures. The most common combination is that of flint 
glass with crown glass, the concave lens being made of flint glass, and 
the convex of crown. By the table in Art. 1001, it will be sees 
that the dispersive power of flint glass is 52 while that of crown glass 
is 36, which numbers are nearly as 3 to 2, and these numbers, there- 
fore, may be employed for the sake of illustration. Since the power 
of the concave lens to reunite the prismatic rays is so much greater 
than that of the convex lens to separate them, we shall hot require 
a refiractive power to eflect this equivalent to that of the convex lens; 
that is, a concave lens of less curvature and proportionally greater 
focal distance, will serve our purpose. Therefore, 

An achromatic lens is formed by the union of a convex and a con- 
cave lenSy whose dispersive powers are respectively proportional to 
their focal distances. 

1003. A telescope furnished with an object glass thus formed, is 
called an Achromatic Telescope. The spherical aberration being 
corrected by the methods pointed out in Art. 996, and the chro- 
matic aberration being destroyed in the manner above described, the 
Refracting Telescope becomes an instrument of great perfection, 
and is reckoned among the greatest works of art. Until recently, 
it was rare to meet with Refracting Telescopes of an aperture of 
more than from three to five inches. For we have already seen 
that the errors of spherical and chromatic aberration increase rapid- 
ly as the size of the aperture is augmented. 

1004. If it be asked, what is the use of a large aperture, since 
the niagnifying power does not depend upon the diameter of the 
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ofa^ct glass, but upon the ratio between the focal distance of the 
object glass and the focal distance of the eye glass, (Art. 993.) we 
answer, that the use of a large aperture is to admit, condense, and 
finally convey to the eye, a larger beam of light, and thus to render 
many objects, as the smaller stars, or Jupiter's belts, visible, which 
otherwise would not be so, on account of the feebleness of the light 
which they transmit to us. Want of light is in fact one of the great- 
est difficulties that the telescope has to contend with ; for, in the first 
place, the object glasses of most telescopes are comparatively small, 
and are necessarily so on account of the difficulty of procuring suit- 
able glass for those of a larger size ; and in the second place, of the 
Kght admitted through the object glass, a great proportion is inter- 
cepted and wasted in various ways, many instruments being able to 
save only the central rays without rendering the image indistinct and 
eolored. Thus, when very high magnifiers are applied, (which of 
course have very small focal distances,) the rays proceed from the 
ibcus and fall upon the microscope so obliquely, that only those 
winch pass through the central parts of the lens can be saved, since 
such as fall upon the marginal parts of the lens are too much afict- 
ed by spherical and chromatic aberration, to form with the others a 
distinct and colorless image. 

1005. Want offidd of view is another difficulty to be surmounted* 
When we use an object glass of short focus with a high magnifier, 
the microscope must have a focus proportionally short, and of course 
the field of view will be very limited and the light but feeble. This 
difficulty may be obviated by using an object glass of very great fo- 
cal distance. If, for example, the focal distance of the object glass 
were only 12 inches, in order to attain a magnifying power of 120, 
we must employ a microscope whose focal distance is only y'^th of 
an inch. But if the focal distance of die object glass were 10 feet, 
or 120 inches, then our microscope might have a focal distance of 
1 inch, which would give a larger field and a stronger light. With 
the view of obviating several of the foregoing difficulties, the earlier 
astronomers who used the telescope employed for their object glasses 
lenses whose focal lengths were very great. Cassini, an Italian as- 
tronomer, constructed telescopes eighty, one hundred, and one hun- 
dred and thirty six feet long ; and Huygens employed such as were 
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nearly the same length. The latter astronomer dispensed with the 
tube, fixing his object glass, contained in a short tube, to the top of 
a high pole, and forming the image in the air near the-level of the 
eye, which image he viewed with an eye glass, as usual. With tele- 
scopes of this description, several of the satellites of Saturn were 
discovered* 

1006. But one of the most formidable difficulties hitherto encoun- 
tered in the construction of large Refracting Telescopes, has arisen 
from the imperfections of glass. When Dollond (the English artist 
who first perfected the Achromatic Telescope,) engaged in the maoa- 
facture of hb instrumeuts, he fortunately had possession of a conad- 
erable quantity of very fine glass ; but when that was used up, no 
more of equal quality could be obtained in England.* On the con- 
tinent, however, one or two celebrated artists have been more suc- 
cessful* The most distinguished manufacturer of optical glass was 
M. Guinand of Switzerland, who died m 1823, who gready excelled 
all his predecessors or cotemporaries in fabricating large masses of 
perfectly homogeneous glass. But even he could produce disks of 
twelve or eighteen inches in diameter in no other way, than by se- 
lectmg the purest specimens of smaller pieces, and joining them to- 
gether. In 1805, M. Fraunhofer of Bavaria, a celebrated manu- 
facturer of telescopes, invited Guinand to become his associate in 
the manufacture of optica] glass ; and from the united efforts of these 
most ingenious men, proceeded glass of unexampled transparency 
and purity. Fraunhofer has recently deceased, and the difficulty of 
procuring perfect glass is renewed. This induced the Royal Society 
of London to appoint a committee to institute new experiments on 
this subject. These have been prosecuted with the greatest ability, 
but have as yet produced no important results. 

The difficulty of obtaining glass of a perfectly homogeneous 
composition and structure is thus set forth by Mr. Faraday, who con- 



* The present Mr. Dollond, a successor of the inventor of Achro- 
matic Telescopes, "has not been able to obtain a disk of flint glass 
four inches and a half in diameter, fit for a telescope, within the last 
five years, or a similar disk of five inches diameter within the last 
ten years." — Faraday, Phil. Trans. 1830. 
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ducted the chemical part of the above experiments. " Although 
every' part of the glass may in itself be as good as possible, yet with- 
out this condition [a perfectly homogeneous structure] the parts do not 
act in uniformity with each other ; the rays of light are deflected from 
the course which they ought to pursue, and the piece of glass be- 
comes useless. The streaks, striae, veins or tails, which are seen 
within glass otherwise perfectly good, result from a want of this 
equality ; they are visible only because they bend the rays of light 
which pass through them from their rectilinear course, and are con- 
stituted of a glass having either a greater or a smaller refractive pow- 
er than the neighboring parts. When these irregularities are so 
powerful as to render their effects observable by the naked eye, it 
may easily be supposed to what an injurious extent their influence 
must extend in the construction of telescopes and other instruments 
of a similar nature, where these faults are not only magnified many 
times, but where the effect is to give an equally magnified erroneous 
representation of the object looked at, when the very point to be at- 
tained is to examine that object with the utnK>st accuracy ; and it is 
accordmgly found that these stris are the most fatal faults of glass 
intended for optical purposes. Besides this, not only do the striae 
themselves occasion harm, but there is every reason to believe that 
they rarely occur in glass otherwise homogeneous. Sometimes, it is 
true, a grain of sand, in passing through, and at the same time dissolv- 
ing in glass, will give a streak of different composition to the rest of the 
substance ; and at others, a bubble ascending may lid a line of heavy 
or mcMre refractive matter into a lighter and less refractive portion 
above. Many a disk, which upon the most careful examination has 
appeared perfectly free from striae, and quite uniform, has, when 
worked into an object glass, been found incapable of giving a good 
image, on account of the existence of irregularities in the mass, 
which, though not sudden or strong enough to occasion striae, sdll pro- 
duce a confused effect; and if this happens with glass approaching 
so near to perfection, it happens still more frequently, and to a much 
stronger degre(§, with such as contain visible irregularities."* 



Faraday, Phil. Tr. 1830. 
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1007. These irregularities are much more frequent in flinl glass 
than it crown ; and by far the greatest obstacle to be oyercome in 
constructing a large refracting telescope, is to procure a suitable 
piece of flint glass for the concave part of the acbromatiQ object 
glass. (Art. 1002.) This want of uniformitjr arises, chiefly, firom diQ 
different specific gravities of the materials that compose the glass. 
Oxide of lead, a very heavy substance, enters into the compositioo 
of flint glass to the amount of about one third of its weight. The 
oxide of lead is so heavy a material, and at the same time bo fusible, 
that it melts and sinks to the bottom, leaving the lighter materials to 
accumulate at the top : and so imperfect are the means of mixture, 
under ordinary circumstances, that glass of very diflferent qiecific 
gravity, is procured from the bottom and the top of the same crucible. 

1008. These circumstances we have thought worthy of being re- 
cited in order to impress on the mind of the learner the formidable 
nature, as well as the great number, of the difficulties to be over* 
come in the construction of a large Achromatic Telescope. Yet they 
have, in several instances, been completely surmounted. Fraunbofer 
executed two telescopes with achromatic object glasses, the one nine 
inches and nine tenths, and the other twelve inches in diameter; and 
at the period of his death he was proposing to undertake one eigh« 
teen inches in diameter. That of 9.9 inches aperture was made 
for the Russian government for the use of the observatory at Dorpat, 
where under the direction of M. Struve, a distinguished astronomer, 
it has already achieved several valuable discoveries in astronomy. 
The object glass has a focal length of twenty five feet. The con- 
cave part of the compound lens is formed of a dense flint glass made 
by Guinand, and has a greater dispersive power than any obtained 
before. It is perfectly free from veins, and nearly free from every 
impurity. The instrument has four eye glasses varying in magnify- 
ing power from one hundred and seventy five to seven hundred.* 

* It is said that, as a general rule, Achromatic Telescopes are 
priced in the ratio of the cube of the aperture. If a telescope with 
an object glass three inches in diameter, is valued at five hundred 
dollars, one of twelve inches would cost sixty four times as much, 
that is, thirty two thousand dollars. 
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1009k The great difficulty of procuring perfect glass for achro- 
matic telescopes, has lead opticians to attempt the construction of 
leases for this purpose out of some transparent fluid which might be 
inclosed in thin glass. Such a medium seemed pecularly suited to 
take the place of the concave lens, in which the principal difficulty 
re^des. Professor Barlow, of the Military Academy of Woolwich, 
has recently made several telescopes on this principle, the last of 
which had an aperture of 7.8 inches, and performed as well as the 
larger kind of achromatic telescopes constructed in the usual way* 
The fluid employed for this purpose was the sulphuret of carbon, a 
limpid fluid prepared from sulphur and charcoal.^ It is singularly 
adapted to optical purposes, having a refractive power about equal to 
that of the best flint glass, with a dispersive power more than double 
that of the same substance. It is, moreover, perfectly colorless, 
beautifully transparent, and, although it is very volatile, yet when 
closely sealed it possesses nearly the same optical properties under 
all required temperatures. The advantages of using sulphuret of 
carbon, should the experiments finally succeed as well as is expect- 
ed, are the following : 

1. It renders us independent of flint glass. 

2. It enables us to increase the aperture of the telescope to a very 
considerable extent. 

3. It gives us all the light, field, and focal power of a telescope of 
one and a half times at least, probably twice the length of the tube.f 

4. The expense of large telescopes (which consists mainly in the 
cost of the object glass) is greatly diminished, the most expensive 
part being supplied with less than one ounce of sulphuret of carbon 
of the value of three shillings. J! 

The Terrestrial or Day Telescope. 

1010. Asthe Astronomical Telescope represents objects inverted, 
it requires to be so modified for terrestrial views, that objects may ap- 
pear erect. This is efiected by the addition of two more lenses of 
similar figure to that of the eye glass, and of the same focal length. 
The first of these additional glasses forms a second image of the 



• Silliman's Chemistry, Vol. I, p. 363. 

t Barlow, Phil. Tr. 1829. % lb. Phil. Tr. 1829. 
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object inverted with resp^t to the first image aod therefore erect 
with respect to the -object. * This image is viewed by the secood 
glass as by any ^ple microscope. ThuSi AB, the object ^au 
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forms an inverted image nm of the object MN. Instead of viewmg 
this image by the eye placed at L, as in the common astronomical 
telescope, we suffer the pencil of parallel rays to cross each other at 
L and fall upon a second lens EF (similar in all respects to CD] 
which collects them into an image mV in its focus of parallel rays, 
which image is viewed by the eye-glass GH in the same manner as 
the object itself would be. 

As some portion of the light is reflected, and some absorbed and 
dissipated by passing through these additional lenses, they of course 
diminish the brightness of the view ; but in the day time there will 
usually be light enough for distinct vision after this loss is sustained, 
while it is more agreeable and convenient to have the objects pre- 
sented to us in their natural positions than inverted. It will be re- 
marked that the additional lenses do not magnify, the focal length of 
each being the same as that of the first eye-glass. Were they ren- 
dered smaller for the purpose of magnifying, the field of view and 
the light would both be impaired. 

1011. We usually find in telescopes, particularly those designed 
for terrestrial objects, some contrivance, as a draw-tube, by which the 
eye-glass can be brought nearer to, or withdrawn from the object- 
glass. This is to accommodate the instrument to objects at different 
distances. When it is directed to very near objects, the image is 
thrown farther back, and therefore in order that it may be in the fo- 
cus of the eye-glass, (which is essential to distinct vision) the latter 
must be drawn backward ; but where the object is remote, the im- 
age is formed nearer to the object glass, and then the eye-glass 
must be moved forward, till its focus of parallel rays, comes to the 
place of the image. For a similar reason, near sighted persons re- 
quire the eye-glass to be brought nearer than usual to the object- 
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glass ; for then the image will be nearer to the eye-glass than its 
fecus of parallel rays, and the rays will meet the eye diverging, a 
condition favorable to eyes naturally too convex. For a contrary 
reason, long-sighted persons, who usually wear convex spectacles, 
may adjust the telescope to suit their eyes without spectacles, by re- 
moving the eye-glass farther back than usual. 

Most terrestrial telescopes contain a greater number of glasses 
than are represented in figure 309. Such a number are used for the 
purpose of correcting spherical and chromatic aberration, these er- 
rors being less in several flat and thin lenses than in a smaller num- 
ber of equivalent lenses of greater curvature. 

Astronomical telescopes are easily adapted to terrestrial observa- 
tions, by removing the eye-glass and substituting a tube containing 
the additional glasses for rendering the view erect. 

Galileo^s Telescope. 

1012. This instrument was the first astronomical telescope, having 
been invented by Galileo, as the name implies. It difiers from the 
common astronomical telescope, in having for the eye-glass a con- 
cave instead of a convex lens, which receives the pencils of light, 
as they are converging to form an image, at such a distance from the 
focus to which tend, as to render them parallel. Thus the object- 




glass AB collects the rays of light as they proceed from the object 
MN, and makes them converge towards the focus at E. But the con- 
cave lens CD is interposed at such a point as to render these converg- 
ing rays parallel, and in this way they come to the eye situated be- 
hind the lens. 

Since the concave lens restores the rays to that state of parallel- 
ism which they had before they passed through the object-glass, the 
learner may not readily see how this instrument aids the eye. That 

Vol. n. 44 
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k does so, however, will be apparent from the following consid- 
erations. 

First, a much broader beam of light falls upon the object-glass 
than the naked pupil of the eye, the greater part of which is collect- 
ed and conveyed to the eye. By this means the brighiness of ob- 
jects is greatly bcreased. 

Secondly, as in the astronomical telescope, (Art. 993,) were the eye 
situated at the center of the object, the object and the image formed 
by the object-glass would have the same apparent dimensions ; and 
inasmuch as the eye-glass enables us to view this image much nearer, 
it increases its apparent dimensions in the same ratio. But when 
we use a concave lens situated as in the Galilean telescope, the ef- 
fect is the same as that of a convex lens situated in the same man- 
ner on the other side of the focus, so that the rays, would come to 
the eye parallel. Hence, in the Galilean as m the common astro- 
nomical telescope, the magnifying power is as the ratio of the focal 
distance of the object-glass to that of the eye-glass. 

This form of the telescope has several advantages and several 
disadvantages when compared with the ordinary form. In the first 
place, requiring but two glasses to present objects erect, it occasions 
less loss of light than the ordinary form, and presents objects with 
proportionally greater brightness. In the second place, the eye-glass 
being between the object-glass and the image, instead of beyond it, 
the instrument admits of being made short and compact, a circum- 
stance which fits it for the purposes of an opera-glass^ to which use it 
is frequently applied. In the third place, the concave lens cor- 
rects the chromatic aberration of the convex lens and where a proper 
proportion is observed between the curvatures of the two lenses, the 
instrument is easily rendered achromatic. The chief disadvantage 
attending the instrument, is its limited Jield of view. For the pen- 
cils of parallel rays, after passing through the concave eye-glass, di- 
verge from one another, those towards the marginal parts of the lens 
being turned from those that are contiguous to the axis, and there- 
fore not entering the pupil of the eye. And since only those near 
the axis at E (Fig. 310.) can enter the pupil, the field of view must 
depend on the dimensions of the pupil, and cannot be increased by 
increasing the length of the instrument, as in the refracting telescope. 
This defect has caused this kind of telescope to fall into disuse for 
astronomical purposes. 
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Reflecting Telescopes. 

1013. Reflecting Telescopes differ in principle from those already 
described only in forming their image by a concave reflectorj instead 
of a convex object-glass. The most common form of the Reflect- 
ing Telescope, is the Crregorian, so called from the inventor, Dr. 
James Gregory, of Scodand. The general principles of this instru- 
ment may be explained as follows : 

In the Gregorian Telescope, the light (supposed to come in par- 
allel rays) is first received by a large concave speculum, by which it 
is brought to a focus and made to form an inverted image. On the 
opposite side of this image, and facing the large speculum, is placed 
a small concave speculum, of greater curvature, at such a distance 
from the image that the rays proceeding from it and falling on the 
speculum are made to converge to a focus situated a small distance 
behind the large speculum, passing through a cu'cular aperture in 
the center of it. This second image is magnified by a microscope 
as in the Refracting Telescope. This description may now be ap- 
plied to the annexed figure. 

Fig. 311. 




ABCD, a large open tube of brass, iron, or mahogany to contain 
the reflectors. 

abcdj a smaller tube to receive the second image and the eye glass. 

EE, large concave speculum, usually composed of a metallic 
compound called speculum metal, 

FF, small concave speculum. 

mn^ image formed by the large reflector. 

nm, image formed by the small reflector. 

G, eye glass. 

WY, a metallic rod having a screw connected with the small re- 
fleeter, by means of which this reflector is made to approach the 
first image or to recede from it. 



348 OPTICS. 

Some of the pencils of rays necessary to form the respectife 
images are omitted in the figure to prevent confusion* 

1014. From the foregoing construction it is evident, first, that the 
image viewed by the eye being in the same position with the oigect, 
the ktter will appear erect ; secondly, that since the mirrors may be 
formed of a parabolic figure,* all tpherieal aberration may be eidf 
prevented (Art. 861.); thirdly, that since light is not decompoied 
by reflexion, reflecting telescopes are not subject to ekramalk okr- 
raiion; and, hence, that it is not necessary to lengthen the tube u 
the aperture is increased, as is the case in refracting telescopes (ArU 
1005.) ; but since the light will depend, chiefly, on the sise of the 
large reflector, a strong light may be obtained with a comparatively 
short tube. The achromatic telescope, however, with all the btest 
improvements, is deemed a more perfect and more convenient ia- 
strument than the reflecdng telescope ; and it is supposed that tbere 
will be no occasion hereafter to construct reflectors of such enor" 
raous dimensions as those of Dr. Herschel. Some account of his 
forty feet reflector may form a suitable close to this sketch of optical 
instruments. 

1015. Under the munificent patronage of George III, Sir William 
Herschel began, in 1785, to construct a telescope forty feet long, 
and in 1789, on the day when it was completed, he discovered with 
it the sixth satellite of Saturn. The great speculum was more than 
four feet in diameter, and weighed two thousand one hundred and 
eighteen pounds. Its focal length was forty feet. The tube which 
contained it was made of sheet iron. 

The light afforded by this instrument was astonishingly great. 
The largest fixed stars, as Sirius, shone in it with tlie splendor of 
the sun. The reason of this will be obvious when we reflect that 
it collected and conveyed to the eye, in the place of the small beam 
that enters the naked organ, a beam of light from the star more than 
four feet in diameter. Hence it was suited to reveal to the eye 
numberless stars and clusters of stars, which preceding telescopes 



An elliptical figure has the same property. 
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I failed to exhibit, because they could not collect a sufficient quan- 
of their light. To economize the h'ght to the best advantage, the 
iD mirror employed in the Gregorian telescope (see Fig. 311.) 
I dispensed with, since every successive refleidon dissipates a con- 
nrable portion of the light, and the image was thrown near to the 
m mouth of the tube, where it was viewed by the eye-glass directly, 
observer being seated so as to look into the mouth in front. In 
er to prevent the head from obstructing too much of the light, 
image was formed near one side of the tube. Its greatest mag- 
ring power was six thousand four hundred and fifty ; but this was 
id only for the smallest stars. 

Fhis great telescope was mounted out of doors in a frame of pro- 
tbnal size ; but by exposure to the weather, the frame has re- 
itly become so much decayed that it has been taken down and 
>tber telescope of twenty feet focus erected in its place, with which 
J. Herschel is prosecuting, with great success, the researches of 
father. 
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Oeneral Statement of the UndukUory Theory of lAghi. 

[From Herachers Treatise on Light, EneffC MetrapoHtmuh H* 449.] 

The undulatory theory, among whose chief supporters we have 
to number Huygens, Descartes, Hooke, and Euler, and, in hter 
times, the illustrious names of Young and Fresnel, who have applied 
it with Mngular success and ingenuity to the explanation of those 
classes of phenomena which present the greatest difficulties to the 
Corpuscular doctrine, requires the admisfflon of the following hypoth- 
eses or postulata : 

1. That an excessively rare, subtle, and elastic medium or ethery 
as it is called, fills all space, and pervades all material bodies, occu- 
pying the intervals between their molecules ; and, either by passing 
freely among them, or, by its extreme rarity, offering no resistance 
to the motions of the earth, the planets, or comets in their orbits, ap- 
preciable by the most delicate astronomical observations; and having 
inertia but not gravity. 

2. That the molecules of the ether are susceptible of being set in 
motion by the agitation of the particles of ponderable matter, and 
that when any one is thus set in motion, it communicates a similar 
motion to those adjacent to it ; and thus the motion is propagated 
farther and farther in all directions, according to the same mechani- 
cal laws as those which regulate the propagation of undulation in 
other elastic media, as air, water, or solids, according to their re- 
spective constitutions. 

3. That in the interior of refracting media the ether exists in a 
state of less elasticity, compared with its density, than in vacuo, (i. e. 
in space empty of all other matter ;) and that the more refractive the 
medium, the less, relatively speaking, is the elasticity of the ether in 
its interior. 
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4. That the vibrations commbnicated to the ether in free space, 
^ propagated through refractive mediai by means of the ether in 
their interiory but with a velocity corresponding to its inferior degree 
of elasticity* 

5. That when regular vibratory motions of a proper kind are 
propagated through the ether, and, passing through our eyes, reach 
and agitate the nerves of our retina, they produce in us the sensation 
of light, in a manner bearing a more or less close analogy to that in 
which tI||<vibrations of the air affect our auditory nerves with that 
of sound. 

6. That as, in the doctrine of sound, the frequency of the aerial 
pulses, or the number of excursions to and fro from its point of rest, 
made by each molecule of the air, determines the pitchj or note, — 
so, in the theory of light, the frequency of ihepulsesj or number of 
unpulses made on our nerves in a given time^ by the eiherial molecules 
next in contact with them, determines the color of the light; and that, 
as the absolute extent of the motion to and fro of the particles of air 
determine the loudness of the sound, — so the amplitude, or extent of 
the excursions of the etherial molecules from their points of rest, 
determine the brightness or intensity of the light. 

[With these general principles in view, the advocates of the Un- 
dulatory Theory proceed to account for all the phenomena of light 
and colors. The subject is pursued by Sir J. Herschel, in a lucid 
and able manner, but our limits do not permit us to quote any thing 
more than the table which, by a remarkable penetration into the 
arcana of nature, assigns the actual length of an undulation in parts 
of an inch, corresponding to each color of the spectrum, which the 
supposed medium undergoes — the number of such undulations that 
occur in the space of an inch — and the numbg: that happen in one 
second of time. However incredulous we may be with respect to 
the possibility of ascertaining facts apparently so far without the pale 
of human thought, our author (perhaps the most competent judge of 
our times) avers, " that whatever theory of light we adopt, these 
periods, and these spaces have a real existence, being in fact deduced 
by Newton from direct measurements, and involving nothing hypo- 
thetical but the names here given them.''] 
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TMe thawimg the earreipondenee of certain undtda 

eral colon tf the spectrum. 
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Longthioranan- 


NuDiber of 


NiimliAr A 


Colon of tho ipoctram. 


dalatioD in parti 


andulatioos 


^^ UlUVvI V 




of an inch. 


in an inch. 




Extreme red, - 


0-0000266 


37640 


458,00 


Red, - - - 


0-0000256 


39180 


477,00 


Intennedjate, - 


0-0000246 


40720 


495,00 


Oraoge, - - 


0-0000240 


41610 


506,00 


Intermediate, - 


0-0000235 


42510 


517,00 


Yellow, - - 


0-0000227 


44000 


535,00 


Intermediate, - 


0-0000219 


45600 


555,00 


Green, - - 


0-0000211 


47460 


577,00 


Intermediate, - 


0-0000203 


49320 


600,00 


Bine, - - 


0-0000196 


51110 


622,00 


Intermediate, - 


0-0000189 


52910 


644,001 


Indigo, - - 


0-0000185 


54070 


658,00 


Intermediate, - 


0-0000181 


55240 


672,00< 


Violet, - - 


0-0000174 


57490 


699,00< 


Extreme violet, 


00000167 


59750 


727,00< 
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